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Summary
The r e m o v a l  of dust f rom a f i l t e r  s u r f a c e  u s u a l l y  
i n v o l v e s  .rapid m o t i o n  w h i c h  i n d u c e s  a c l e a n i n g  f o r c e  at the 
d u s t / s u r f a c e  b o u n d a r y .  In t r a d i t i o n a l  long bag f i l t e r s  l a r g e  
a m p l i t u d e  m o v e m e n t  is n e c e s s a r y  to g e n e r a t e  a d e q u a t e  f o r c e s  
and s u c h  m o t i o n  o f t e n  r e s u l t s  in p o o r  c 1e a n i n g ,p r e m a t u r e  bag 
w e a r  and f i l t e r  b l i n d i n g .
The flat g e o m e t r y  i n c l i n e d  f i l t e r  was c o n c e i v e d  to 
u t i l i s e  the e n h a n c e d  m o v e m e n t  p r o p o g a t i o n  of p l a n a r  s u r f a c e s  
and to m a x i m i s e  the use of the a v a i l a b l e  g r o u n d  area.
A d e t a i l e d  t h e o r e t i c a l  and p r a c i c a l  e x a m i n a t i o n  of 
the o p e r a t i o n  and c l e a n i n g  of s uch f i l t e r s  has s h o w n  that 
the c o n c e p t  and p r a c t i c a l i t y  are in close a g r e e m e n t .  The 
r e s e a r c h  has i n d i c a t e d  that the r e m o v a l  of f i l t e r  c a k e s  
i n v o l v e s  i n d u c i n g  cake r e m o v a l  f o r c e s  in e x c e s s  of the a d h e s i o n  
f o r c e s  of the c a k e / m e m b r a n e  c o m b i n a t i o n .
For i n c l i n e d  f i l t e r s  the r e m o v a l  of a cake also 
i n v o l v e s  the t r a n s p o r t a t i o n  of m a t e r i a l  to the e d g e  of the 
f i l t e r  s u r f a c e ,  h e n c e  c o m b i n i n g  c l e a n i n g  and d i s c h a r g e .
T he f i l t e r  m a t e r i a l  is not e x c e s s i v e l y  flexed as a p r e - r e q u i s i t e  
of cake r e m o v a l  and h e n c e  m e m b r a n e  w e a r  is low. No g e n e r a l  
o p t i m u m  f r e q u e n c y  or a m p l i t u d e  can be i d e n t i f i e d  for c a k e 
r e m o v a l  and t r a n s p o r t  b e c a u s e  v i b r a t i o n  c h a r a c t e r i s t i c s  
d e p e n d  on the size and c o n s t r u c t i o n  of the f i l t e r  e l e m e n t s .
For a p a r t i c u l a r  c o n s t r u c t i o n  the o p t i m u m  f r e q u e n c y  w a s  f o u n d  to 
to be the r e s o n a n t  f r e q u e n c y  of the f i l t e r  e l e m e n t  s u s p e n s i o n .  
T h e  r e m o v a l  of cake was s h o w n  to d e p e n d  u p o n  the p r o d u c t  
of the cake are a l  m a s s  and a c c e l e r a t i o n  at e a c h  p o i n t  on 
the f i l t r a t i o n  s u r f a c e  (cake r e m o v a l  s t r ess).
T he c o n c e p t  of v i b r a t i o n  t r a n s m i s s i o n  and c ake 
r e m o v a l  have b e e n  u s e d  in a c o m p u t e r  m o d e l  in w h i c h  the c a k e
and f i l t e r  m e d i u m  r e s i s t a n c e s  are c o m b i n e d  u s i n g  a s e r i e s /  
p a r a l l e l  con c e p t .
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1 I n t r o d u c t i o n
1
T h e  w o r d  f i l t r a t i o n  is a t e r m  w h i c h  h a s  c o m e  to  c o v e r  a w i d e  
r a n g e  of s e p a r a t i o n  p r o c e s s e s .  T h e  o r i g i n  of t h e  w o r d  f i l t e r  is 
o b s c u r e  b u t  m a y  be d e r i v e d  f r o m  t h e  m e d i a e v a l  L a t i n  1 f e l t r u m 1 
C 1 , 2 ( p p i i i v 1 ) 3  w h i c h  d e s c r i b e s  a c o m p a c t e d  f a b r i c  m a d e  f r o m  w o o l  
or s i m i l a r  f i b r o u s  m a t e r i a l .  S u c h  a m a t e r i a l  w a s  p r o b a b l y  u s e d  
as a f i l t r a t i o n  m e d i u m  f o r  c l a r i f y i n g  p o t a b l e  l i q u i d s .  C h e m i c a l  
a n d  b a c t e r i o l o g i c a l  ' f i l t e r s '  h a v e  a l s o  b e e n  u s e d  t o  p u r i f y  w a t e r  
by  r e m o v i n g  o d o u r s ,  b a c t e r i a  a n d  to  a d j u s t  p H , u s u a l l y  u n d e r  
g r a v i t y  f e e d .
T h e  c o n t r o l  of t h e  q u a n t i t y  of d u s t  s u s p e n d e d  in g a s e s  is a
m u c h  m o r e  r e c e n t  i n n o v a t i o n ,  t h o u g h  as l o n g  a g o  as 5 0 0 0  B . C  it is
t h o u g h t  t h a t  c l o t h  or b a g s  w e r e  p l a c e d  o v e r  t h e  f a c e  to  p r e v e n t  
i n h a l a t i o n  of d u s t  1 3 ] .  In t h e  n i n e t e e n  f i f t i e s  f a n s ,  d u c t i n g
a n d  h o o d s  w e r e  u s e d  in t h e  w o o d w o r k i n g  i n d u s t r y ,  as a m a t t e r  of
n e c e s s i t y ,  t o  r e m o v e  w o o d  c h i p s  a n d  d u s t  f r o m  t h e  w o r k  a r e a . C 4 , 53 
P a d d l e  b l a d e  f a n s  a n d  c y c l o n e s  w e r e  t h e  n o r m a l  d u s t  r e m o v a l  
m e c h a n i s m  t h o u g h  s i m p l e  f a b r i c  f i l t e r s  a n d  w e t  s c r u b b e r s  w e r e  
a l s o  u s e d .  By  t h e  e n d  of t h e  d e c a d e  a s m a l l  c o r e  o f  d a t a  o n  
c y c l o n e  g r a d e  e f f i c i e n c y  a n d  t h e  a d v e n t  of s i m p l e  f i l t e r  c l e a n i n g  
d e v i c e s  s i g n a l l e d  t h e  b e g i n n i n g  of f i l t r a t i o n  t e c h n o l o g y .
T h e  a p p a l l i n g  L o n d o n  f o g s  w h i c h  r e s u l t e d  in m a n y  d e a t h s  
c u l m i n a t e d  in t h e  C l e a n  A i r  A c t  of 1 9 5 6  w h i c h  w a s  r e s p o n s i b l e  f o r
o v e r c o m i n g  i n e r t i a  in t h e  f i e l d  of d u s t  a n d  s u l p h u r  d i o x i d e
c o n t r o l .  M u c h  e f f o r t  w a s  d i r e c t e d  t o w a r d s  i m p r o v i n g  c y c l o n e s ,
p r e c i p i t a t o r s  a n d  w e t  c o l l e c t o r s  t h o u g h  l i t t l e  i m p r o v e m e n t  w a s
m a d e  in f a b r i c  f i l t e r s .
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In t h e  n i n e t e e n  s i x t i e s  t h e  d e v e l o p m e n t  of t h e  p u l s e  je t  
c l e a n e d  f i l t e r  16] o p e n e d  up  a n e w  f i e l d  f o r  i n n o v a t i o n  in 
f i l t r a t i o n - .  F e l t s  c o u l d  be u s e d  m o r e  e f f e c t i v e l y  u s i n g  t h i s  t y p e
of f i l t e r  c l e a n i n g  d u e  to l e s s  d a m a g e  a n d  a c o n s t a n t  p r e s s u r e
d r o p  o b t a i n e d  by r e g u l a r  o n - l i n e  c l e a n i n g .
S i n c e  t h e n  t h e r e  h a s  b e e n  an e x p l o s i o n  in t h e  n u m b e r  of 
m o d i f i c a t i o n s  a n d  i n n o v a t i o n s  in a l l  f i e l d s  of f a b r i c  f i l t r a t i o n  
t e c h n o l o g y .  A w h o l e  r a n g e  of f i l t e r  m a t e r i a l s  a n d  m a t e r i a l  
t r e a t m e n t s  h a v e  e m e r g e d  to p r o v i d e  i m p r o v e m e n t s  in f i l t r a t i o n
e f f i c i e n c y ,  c a k e  r e l e a s e  p r o p e r t i e s  a n d  f i l t e r  b a g  c o n s t r u c t i o n .  
T h e  m o d e  of c l e a n i n g ,  t h e  m o d e  of c o n s t r u c t i o n  a n d  t h e  s h a p e  of 
f a b r i c  f i l t e r  u n i t s  h a s  d i v e r s i f i e d  w i d e l y .  T r a d i t i o n a l  b a g  a n d  
p l a t e  d u s t  f i l t e r s  a r e  c l e a n e d  by  a m u l t i t u d e  of m e t h o d s .
G e n e r a l l y  t h e s e  b r e a k  d o w n  i n t o  f o u r  g r o u p s .
1. S h a k i n g
2 . P u l s e  j e t.
3. R e v e r s e  f l o w
4. R e v e r s e  j e t
S u b g r o u p s  g e n e r a l l y  i n v o l v e  d i f f e r e n t  b a g  s h a p e s ,  a i r  f l o w  
c h a r a c t e r i s t i c s  a n d  m e t h o d s  of p r o d u c i n g  t h e  n e c e s s a r y  c l e a n i n g  
a c t i o n .  A l l  g r o u p s  h a v e  t h e i r  a d v a n t a g e s  a n d  s e l e c t i o n  of a 
p a r t i c u l a r  m e t h o d  is a c o m p r o m i s e  b e t w e e n  t e m p e r a t u r e  t o l e r a n c e ,  
b a g  c l e a n i n g  e f f i c i e n c y ,  d u s t  r e d e p o s i t i o n ,  e c o n o m y  a n d  b a g  
d a m a g e  d u e  to c h a f f i n g ,  a n d / o r  f I e x i nfg . B a g  g e o m e t r y  a l s o  
e f f e c t s  t h e  c l e a n i n g  m e t h o d  u s e d  a n d  t h e  u n i t  c o m p a c t n e s s .
C h a p t e r  1
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T h e  p u r p o s e  of t h i s  w o r k  is to i n v e s t i g a t e  t h e  f e a s i b i l i t y  
of a f l a t  i n c l i n e d  f i l t e r  m e m b r a n e  w h i c h  is c l e a n e d  b y  h i g h  
f r e q u e n c y , ,  c o n t r o l l e d  v i b r a t i o n s ,  a n d  to  i d e n t i f y  t h e  r e l e v a n t  
c l e a n i n g  m e c h a n i s m  so t h a t  o p t i m u m  o p e r a t i n g  c o n d i t i o n s  m a y  be 
r e a d i l y  s e l e c t e d .  T h e  a d v a n t a g e s  of s u c h  a f i l t e r  a r e  t h a t  it 
c a n  be m a d e  m o r e  c o m p a c t  a n d  a v o i d  p r o b l e m s  a s s o c i a t e d  w i t h  o t h e r  
c l e a n i n g  m e t h o d s  s u c h  as f i l t e r  m e d i u m  d a m a g e ,  r e d e p o s i t i o n  a n d  
p o s s i b l y  l o n g  t e r m  c l o g g i n g .  T h e  r e s e a r c h  w a s  i n i t i a t e d  by 
M r . D . B . P u r c h a s  of F i l t r a t i o n  S p e c i a l i s t s  L t d . ,  a n d  w a s  p a r t i a l l y  
f u n d e d  by t h e  N a t i o n a l  R e s e a r c h  a n d  D e v e l o p m e n t  C o r p o r a t i o n  
(N . R . D . C . )
In 1 9 7 6  a s e r i e s  of t e m p o r a r y  s c h o o l  l e a v e r s  w e r e  e m p l o y e d  
to s t u d y  t h e  f e a s i b i l i t y  of c l e a n i n g  a f l a t  g e o m e t r y  f i l t e r  u s i n g  
t e s t  e q u i p m e n t  d e s i g n e d  a n d  b u i l t  by F e n l o w  E n g i n e e r i n g  C o .  L t d .  
T h e  w o r k  w a s  h a m p e r e d  by d i f f i c u l t i e s  i n v o l v e d  in o b t a i n i n g  a 
r e p r o d u c i b l e  s u p p l y  of d u s t y  a i r ,  c o u p l e d  w i t h  an o b s c u r e  s e n s e  
of d i r e c t i o n  in t h e  r e s e a r c h  p r o g r a m m e .  At t h a t  t i m e  n o  e v i d e n c e  
w a s  a v a i l a b l e  as to t h e  p r o b a b l e  c l e a n i n g  m e c h a n i s m  a n d  s e v e r a l  
u n h e l p f u l  e x p e r i m e n t a l  p r o g r a m m e s  s t u d y i n g  t h e  e f f e c t s  of 
f r e q u e n c y  m e r e l y  c o n f u s e d  t h e  r e s e a r c h  d u e  t o  s o m e w h a t  
u n p r e d i c t a b l e  r e s u l t s .  M e a s u r i n g  v i b r a t i o n  a m p l i t u d e  at h i g h  
f r e q u e n c i e s  a l s o  p r o v e d  a s t u m b l i n g  b l o c k .
T h e  a u t h o r  b e c a m e  i n v o l v e d  in t h e  w o r k  as a r e s e a r c h  s t u d e n t  
in J u l y  1 9 7 7 .
C h a p t e r  1
2 L i t e  r a t u r e  s u r v e y
4
2.1 Fil-ter t y p e s
D u s t  f i l t e r s  a r e  so d i v e r s e  as t o  d e f y  a c c u r a t e  
c l a s s i f i c a t i o n .  A g e n e r a l  c l a s s i f i c a t i o n  h o w e v e r  is b e t w e e n  
h i g h  e f f i c i e n c y ,  u s u a l l y  d i s p  osab I e , lo w p r e s s u r e  d r o p  d e p t h  
f i l t e r s  C 7 T  a n d  c a k e  f i l t e r s  w h i c h  a r e  u s u a l l y  c l a s s i f i e d  by  
t h e i r  m e t h o d  of c a k e  r e m o v a l  [2,8,9]]. It is t h e  l a t t e r  
s e c t i o n  w i t h  w h i c h  t h i s  r e s e a r c h  is c o n c e r n e d .
C a k e  f i l t e r s  o p e r a t e  m a i n l y  in t h e  c a k e  f i l t r a t i o n  r e g i m e  
in w h i c h  m u c h  of t h e  f i l t e r e d  m a t e r i a l  d e p o s i t e s  n o t  o n  t h e  
f i l t e r  m e d i u m ,  b u t  on r e - d e p o s i t e d  p a r t i c u l a t e s .  S u c h  f i l t e r s  
a r e  m a d e  in a v a r i e t y  of s h a p e s  a n d  c o n f i g u r a t i o n s  [ 2 , 8 3 ,  s o m e  
of w h i c h  a r e  s p e c i f i c  to a p a r t i c u l a r  m e t h o d  of c a k e  r e m o v a l .  
T u b u l a r  f i l t e r  b a g s  a r e  t h e  t r a d i t i o n a l  a n d  c o m m o n  t y p e  a n d  
m a y  be s h a k e n  f r o m  t h e  t o p  or b o t t o m  a n d  m a y  be  t e n s i o n e d  
u s i n g  s p r i n g s  or c o u n t e r  w e i g h t s .  T h e y  a r e  a l s o  c l e a n e d  by  
v a r i o u s  p n e u m a t i c  s y s t e m s  s u c h  as p u l s e - j e t ,  r e v e r s e - j e t  a n d  
r e v e r s e  f l o w .
S e v e r a l  s u b s i d i a r y  s y s t e m s  a l s o  e x i s t  i n c l u d i n g  s o n i c  
c l e a n i n g ,  r e n e w a b l e  s u r f a c e  f i l t e r s ,  b a g  i n s i d e  a n d  o u t s i d e  
f i l t r a t i o n  s y s t e m s ,  a n d  p u l s e d - a i  r s y s t e m s  [ 2 3 .
C h a p t e r  2
2 . 2  V i b r a t i o n  c l e a n i n g  of f i l t e r s
5
M e t h o d s  of i n d u c i n g  v i b r a t i o n s  a r e  as v a r i e d  as t h e  t y p e s  
of f i l t e r s  p r e v i o u s l y  d i s c u s s e d . O r i g i n a l l y  f i l t e r  m a t e r i a l s  
w e r e  b e a t e n ,  r a p p e d  or s h a k e n  e i t h e r  i n s i d e  t h e  f i l t e r  h o u s e  
or w h e n  r e m o v e d  f o r  c l e a n i n g .  V a r i o u s  i m p r o v e m e n t s  h a v e  b e e n  
m a d e  by m e c h a n i s i n g  t h e  c l e a n i n g  p r o c e s s  by t e n s i o n i n g  t h e  
t u b u l a r  b a g s  a n d  by  s h a k i n g  at s p e c i f i c  f r e q u e n c i e s ,  
a m p l i t u d e s  or f o r  a g r e a t e r  t i m e .  W a l s h  e t . a l  C 1 4 1 D  h a v e  
s h o w n  t h a t  s h a k e r  a c c e l e r a t i o n ,  t o t a l  n u m b e r  of s h a k e s  (o r 
c l e a n i n g  d u r a t i o n )  a n d  s h a k e r  a m p l i t u d e  e f f e c t s  f i l t e r  
c l e a n i n g  e f f i c i e n c y ,  w h i c h  t h e y  d e f i n e d  as t h e  r e s i d u a l  f i l t e r  
d r a g  or f i l t e r  c a p a c i t y  ( i . e .  M a s s  of d u s t  c o l l e c t e d  p e r  u n i t  
a r e a  at s t e a d y  s t a t e  c o n d i t i o n s ) .  T h e y  s u g g e s t  t h a t  l a r g e r  
s h a k e r  a m p l i t u d e s  r e d u c e  t h e  m i n i m u m  n u m b e r  of s h a k e s  f o r  
e f f i c i e n t  c l e a n i n g  a n d  t h a t  t h i s  w a s  d u e  to a s e t  n u m b e r  of 
s h a k e s  b e i n g  r e q u i r e d  to  t r a n s f e r  m o t i o n  t o  a l l  p a r t s  of  t h e  
b a g ,  d u e  to a s t a n d i n g  w a v e  b e i n g  e v e n t u a l l y  d e v e l o p e d .  T h e y  
a l s o  s u g g e s t  t h a t  s h a k e r  f r e q u e n c y  h a s  n o  e f f e c t  o n  c l e a n i n g  
e f f i c i e n c y .  F r e q u e n c i e s  in t h e  r a n g e  5 . 2 5  t o  5 6 . 7  H z ,  
a m p l i t u d e s  in t h e  r a n g e  0. 1 to 4 i n c h e s  ( 0 . 2 5  t o  1 0 . 1 6  cm) a n d
a c c e l e r a t i o n s  in t h e  r a n g e  1 x 1 0 ^  to  2 2 x 1 0 ^
2
i n c h e s / m  in ( 0 . 7 2  to  1 5 . 8  x g ) w e r e  i n v e s t i g a t e d .
A c c e l e r a t i o n  v a l u e s  w e r e  c a l c u l a t e d  f r o m : -
a=2'ft2 f 2 l
 2.1
w h e r e : -
2
a = a c c e l e r a t i o n  ( m / s  )
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6
f = f r e q u e n c y  (Hz)
I = p e a k  to p e a k  d i s p l a c e m e n t  ( m )
A d e t a i l e d  s t u d y  by D e n n i s  a n d  W i l d e r  C 1 1 13 i n c l u d e s  a 
c o m p a r i s o n  of s h a k e  c l e a n i n g  w i t h  o t h e r  m e t h o d s  of c a k e  
r e m o v a l .  T h e y  c o n c l u d e  t h a t  s h a k e  c l e a n i n g  p r o d u c e s  l e s s  
c o n t a m i n a t e d  e f f l u e n t  t h a n  o t h e r  t y p e s  of c l e a n i n g ,  w i t h  l e s s  
e n e r g y  i n p u t  f o r  a c o m p a r a t i v e  r e d u c t i o n  in f i l t e r  r e s i s t a n c e .  
T h e y  s t r e s s  t h a t  no s i m p l e  r e l a t i o n s h i p s  a r e  a v a i l a b l e  to 
p r e d i c t  o u t l e t  e f f l u e n t  c o n c e n t r a t i o n  b a s e d  on  i n l e t  a n d  
f i l t e r  c o n d i t i o n s  a n d  t h a t  d a t a  o b t a i n e d  in l a b o r a t o r y
c o n d i t i o n s  c a n  r a r e l y  be a p p l i e d  in p r a c t i c e .  T h e y  s h o w  t h a t  
d u s t  r e m o v a l  is a f u n c t i o n  of a c c e l e r a t i o n / d e c e l e r a t i o n  of t h e  
b a g  a n d  t h a t  d u s t  s e p a r a t i o n  o c c u r s  w h e n  t h e  t e n s i l e  f o r c e s
a p p l i e d  to t h e  c a k e  e x c e e d  e i t h e r  t h e  a d h e s i v e  or  t h e  c o h e s i v e
f o r c e s  b i n d i n g  t h e  d u s t  to t h e  f a b r i c ,  o r  t h e  d u s t  t o  i t s e l f .
2 2F o r c e s  in t h e  r e g i o n  of 2 0 0  d y n e s / c m  (20 N / m  ) w e r e
n e c e s s a r y  f o r  d u s t  r e m o v a l .
D e n n i s  e t . a l  [ 1 2 ]  h a v e  s h o w n  t h a t  c a k e s  r a r e l y  s p a l l  f r o m  
w i t h i n  t h e  c a k e  w h e n  b e i n g  r e m o v e d ,  b u t  t e n d  t o  d i s l o d g e  f r o m  
t h e  c a k e / m e d i u m  i n t e r f a c e  l e a v i n g  a r e a s  of u n c l e a n e d  a n d  f u l l y  
c l e a n e d  s u r f a c e s .
F u n d a m e n t a l  d a t a  f r o m  Z i m o n  C 1 3  p . 1 3 ]  g i v e s  p a r t i c l e
2
a d h e s i v e  f o r c e s  in t h e  r e g i o n  of 2 1 . 7  to 3 7 0 . 0  d y n e s / c m
( 2 . 1 7  to 3 7 . 0  N / m ^ ) f o r  g l a s s  p a r t i c l e s  of 6 0  t o  1 0
m i c r o n s  r e s p e c t i v e l y ,  w h i c h  w e r e  d e p o s i t e d  o n  a s t e e l  s u r f a c e  
w h i c h  w a s  w o r k e d  to a c l a s s  9 f i n i s h .
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2 . 5  C l e a n i n g  s y s t e m s  a n d  r e g i m e s
7
Ma.ny t y p e s  of f i l t e r  a r e  o p e r a t e d  in s u c h  a w a y  as to 
m i n i m i s e  v a r i a t i o n s  in s y s t e m  p r e s s u r e  d r o p  a n d  t o t a l  f l o w .  
O r r  C2 ] d e s c r i b e s  p r e s s u r e  d r o p  a n d  g a s  f l o w  r a t e  v a r i a t i o n s  in 
v i b r a t o r y  c l e a n e d  f i l t e r s .  A c o m p a r i s o n  is m a d e  w i t h  a 
v i b r a t o r y  / r e v e r s e - f  lo w  s y s t e m  w h i c h  m i n i m i s e s  f l o w  v a r i a t i o n s  
b y  s i n g l e  c o m p a r t m e n t  c l e a n i n g  t h u s  m i n i m i s i n g  t h e  p e r c e n t a g e  
f i l t r a t i o n  a r e a  w h i c h  is o f f  l o a d  at a n y  t i m e .
B i l l i n g s  e t . a l  C 3 3 r e v i e w  t h e  c o m m o n  p r a c t i c e s  in f i l t e r  
d e s i g n  a n d  s h o w s  t h a t  c a r e f u l  c o n s i d e r a t i o n  of a l l  a s p e c t s  of 
f i l t e r  o p e r a t i o n  is r e q u i r e d  b e f o r e  a p a r t i c u l a r  s y s t e m  is
s e l e c t e d  f o r  a s p e c i f i c  a p p l i c a t i o n .  F i l t e r  c o m p a r t m e n t s  or
b a g s  m a y  be r e t u r n e d  on s t r e a m  b e f o r e  t h e  n e x t  c o m p a r t m e n t  is 
r e a d y  f o r  c l e a n i n g ,  or at t h e  s a m e  t i m e  so t h a t  f l o w  v a r i a t i o n s
a r e  m i n i m i s e d .  T h e  n o z z l e  c a r r i a g e  in a r e v e r s e - j e t  m a y  b e
s t o p p e d  w h e n  v e r y  low d u s t  c o n c e n t r a t i o n s  a r e  e n c o u n t e r e d ,  a n d  
t h e  o p e r a t i n g  p r e s s u r e  of a p u l s e - j e t  m a y  b e  r e d u c e d  to  
c o n s e r v e  p o w e r  w h e n  c l e a n i n g  e a s i l y  r e m o v e d  c a k e s .  W h e n  
s t e a d y  f l o w  c o n d i t i o n s  a r e  r e q u i r e d  t h e n  o v e r - s p e c i f i c a t i o n  of 
f i l t r a t i o n  a r e a  a l l o w s  a s m a l l e r  p e r c e n t a g e  of t h e  f i l t r a t i o n  
a r e a  to be o f f - s t  r e a m  at a n y  t i m e .
P u l s e  je t f i l t e r s  m a y  be c l e a n e d  o n - l i n e  u s i n g  a v e r y  
s h o r t  p e r i o d  b e t w e e n  c l e a n i n g  p u l s e s .  S u c h  a s y s t e m  p r o d u c e s  
a s t a b l e  o p e r a t i n g  p r e s s u r e  d r o p  at t h e  e x p e n s e  of  e x c e s s i v e  
r e d e p o s i t i o n  of f i l t e r  c a k e .  H i g h  s u p e r f i c i a l  g a s  v e l o c i t i e s  
( A i r / c l o t h  r a t i o )  m a y  be u s e d  in t h i s  t y p e  of f i l t e r .
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2 . 4  A d h e s i o n  M e c h a n i s m s
Th-e a d h e s i o n  of p a r t i c l e s  to f i b r e s  a n d  f i l t e r  s u r f a c e s  
m a y  be a n a l y s e d  on  t h e  m i c r o  l e v e l  b y  c o n s i d e r i n g  
i n t e r m o l e c u l a r ,  e l e c t r o s t a t i c ,  c o l l o i d  a n d  c a p i l l i a r y  f o r c e s .  
V i s s e r  [ 1 4 3  d i s c u s s e s  t h e  e f f e c t  of V a n  d e r  W a l l s  f o r c e s  a n d  
e l e c t r o s t a t i c  e f f e c t s  in l i q u i d  m e d i a  a n d  t h e  e f f e c t  of 
s u r f a c e  r o u g h n e s s  a n d  p a r t i c l e  p a r a m e t e r s  o n  t h e s e  f o r c e s .  
H i l l e r  e t . a l  C 1 5 3 ,  S t e n h o u s e  [ 1 6 3  a n d  B r o o m  [ 1 7 3  d i s c u s s  t h e  
a d h e s i o n  of p a r t i c l e s  to v a r i o u s  m a t e r i a l s  d u r i n g  i m p a c t  by  
c o n s i d e r i n g  t h e  e n e r g y  b a l a n c e  of a f a l l i n g  p a r t i c l e .
B a t e l  [8 3  q u o t e s  e x a m p l e s  of V a n  d e r  W a a l s  f o r c e s  in t h e
-9o r d e r  of 0 . 7  m d y n e  ( 7 x 1 0  N) f o r  a 10 m i c r o m e t r e  d i a m e t e r
l i m e s t o n e  p a r t i c l e  a d h e r i n g  to a p l a s t i c  f i b r e  f o r  a r o u g h n e s s
r a d i u s  at t h e  c o n t a c t  p o i n t  of 0.1 m i c r o m e t r e s .  A s i n g l e
l a y e r  of p a r t i c l e s  p a c k e d  in a s q u a r e  p i t c h  g i v e s  a n  a r e a l
2
f o r c e  of 70 N / m  . P i c h  in O r r ' s  b o o k  [2 p . 1 1 7 , V 1 3  q u o t e s
8 9e l e c t r o s t a t i c  f o r c e s  in t h e  o r d e r  of 1 0  t o  1 0
d y n e / c m ^  ( 1 0 ^  t o 1 0 ^  N / m ^  ) . P i c h  c o v e r s  in
d e t a i l  t h e  c u r r e n t  t h e o r i e s  of p a r t i c l e  c a p t u r e  a n d  r e t e n t i o n ,  
m a i n l y  in t h e  a r e a  of d e e p  b e d  or  f i b r o u s  f i l t r a t i o n .  He 
p o i n t s  o u t  t h a t  t h e  m a i n  o b j e c t i v e  of f i l t r a t i o n  t h e o r y  is to  
p r e d i c t  t h e  p r e s s u r e  d r o p  a n d  c a p t u r e  e f f i c i e n c y  of a f i l t e r .  
T o  do so f o r  d e e p  b e d  f i l t e r s ,  f r o m  f u n d a m e n t a l  d a t a  is a 
h i g h l y  c o m p l e x  a n d  i n v o l v e d  p r o c e d u r e  w h i c h  t e n d s  t o  g i v e  
r e s u l t s  of d u b i o u s  a c c u r a c y .  S u c h  t h e o r i e s  i n v o l v e  
m a t h e m a t i c a l  d e s c r i p t i o n s  of p a r a m e t e r s  s u c h  as t h r e e
d i m e n s i o n a l  f l o w  c h a r a c t e r i s t i c s  a n d  p a r t i c l e  t r a j e c t o r i e s  in 
r a n d o m l y  p a c k e d  f i l t e r  b e d s ,  t h r e e  d i m e n s i o n a l  f o r c e  f i e l d s .
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B r o w n i a n  m o t i o n ,  e l e c t r o s t a t i c s  a n d  i n e r t i a l  i m p a c t i o n .  T h e  
q u a n t i t y  of p h y s i c a l  d a t a  r e q u i  r e(j m a k e s  s u c h  p r o c e d u r e s
u n w e i l d l y  to t h e  e n g i n e e r  a n d  s c i e n t i s t  a l i k e  w h e n  p r a c t i c a l  
r e s u l t s  a r e  t h e  p r i m a r y  o b j e c t i v e .  P u r c h a s  C 1 8 □  h i g h l i g h t s  
t h e  n e e d  f o r  u s a b l e  f i l t r a t i o n  t h e o r i e s .
W h e n  f i l t r a t i o n  o c c u r s  p r i m a r i l y  in t h e  c a k e  f o r m i n g  
r e g i m e  t h e  c r i t e r i a  of s p e c i f y i n g  f i l t r a t i o n  e f f i c i e n c y  
b e c o m e s  l e s s  i m p o r t a n t  as e f f i c i e n c i e s  in e x c e s s  of  9 9 . 9 9 %  a r e  
c o m m o n .  T h e  p r e d i c t i o n  of p r a c t i c a l  p r e s s u r e  d r o p
c h a r a c t e r i s t i c s  g e n e r a l l y  r e q u i r e s  o n l y  s p e c i f i c  c a k e
r e s i s t a n c e  d a t a  f o r  t h e  m a t e r i a l s  u s e d  a n d  d a t a  o n  t h e  d e g r e e  
a n d  f r e q u e n c y  of c l e a n i n g .
On  t h e  m a c r o - s c a l e  t h e r e f o r e  it is p r a c t i c a l  t o  p r e d i c t  
p r e s s u r e  d r o p  d a t a  f r o m  e m p i r i c a l  e q u a t i o n s  b a s e d  o n  s i m p l e  
e x p e r i m e n t a l  d a t a .  S u c h  a p r o c e d u r e  is s u f f i c i e n t l y  a c c u r a t e  
f o r  e n g i n e e r i n g  p u r p o s e s  a n d  p r e d i c t s  p r e s s u r e  d r o p
c h a r a c t e r i s t i c s  f o r  t h e  f i r s t  c y c l e  of a t y p i c a l  f i l t e r .  N o  
c o m p a r a t i v e  p r o c e d u r e  f o r  a n a l y s i n g  s u b s e q u e n t  c y c l e s  of  a 
f i l t e r  is a v a i l a b l e .  S t e p h a n  C 1 9 3  e t . a l  h a s  m e a s u r e d  l o c a l  
c a k e  m a s s  a n d  p e r m e a b i l i t y  on a 6 i n c h  ( 0 . 1 5  m) d i a m e t e r ,  5 f t  
3 i n  ( 1 . 6 m )  l o n g  c o t t o n  s a t e e n  b a g  a f t e r  s h o r t  p e r i o d s  ( a p p r o x .  
5 s e c o n d s )  of s h a k e r  o p e r a t i o n .  T h e y  c o n c l u d e  t h a t  c a k e  
r e m o v a l  o c c u r s  p r i m a r i l y  w i t h i n  t h e  f i r s t  f i v e  s e c o n d s  of 
s h a k i n g ,  t h o u g h  l o n g e r  s h a k i n g  t i m e s  a l l o w  s t a n d i n g  w a v e s  to  
be  g e n e r a t e d ,  t h u s  r e d u c i n g  t h e  r e s i d u a l  d u s t  l o a d i n g s  
o b t a i n e d  w i t h  s h o r t  i n t e r u p t e d  s h a k i n g  p e r i o d s .  T h e y  s t r e s s  
t h a t  u n e v e n  c l e a n i n g  c a u s e s  a c a k e  t o p o g r a p h y  t o  d e v e l o p ,  a n d  
t h a t  e l u t r i a t i o n  c a u s e s  a g r a d a t i o n  of p a r t i c l e  s i z e s  u p  t h e
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b a g .  T h e y  p o i n t  o u t  t h a t  w h i l s t  r e s u l t s  w e r e  c o n s i s t e n t  f r o m  
o n e  c y c l e  to a n o t h e r ,  t h e s e  w e r e  n o t  r e p r o d u c i b l e  w h e n  t h e  b a g  
w a s  cle.aned o f f  a n d  t e s t s  r e p e a t e d .  F o r  t h e s e  r e a s o n s  t h e y  
c o n c l u d e  t h a t  l a b o r a t o r y  d a t a  of b a g  c l e a n i n g  a n d  d u s t  
p e r m e a b i l i t y  u p  t h e  b a g  c a n n o t  a c c u r a t e l y  be u s e d  f o r  d e s i g n  
p u r p o s e s .
W a l s h  C 1 0 ]  e t . a l  s u b s t a n t i a t e d  S t e p h a n ' s  r e s u l t s  a n d  w e n t  
on to i n v e s t i g a t e  t h e  e f f e c t  of d i s p l a c e m e n t  a n d  f r e q u e n c y  of 
s h a k i n g .  T h e y  h a v e  s h o w n  t h a t  w h i l s t  s h a k e r  a m p l i t u d e  h a s  a 
l a r g e  e f f e c t  o n  t h e  n u m b e r  of s h a k e r  s t r o k e s  r e q u i r e d  t o
o b t a i n  m i n i m u m  f i l t e r  d r a g ,  t h e  v i b r a t i o n a l  f r e q u e n c y  d o e s  
n o t .  F r e q u e n c y  d o e s  h o w e v e r  e f f e c t  a c c e l e r a t i o n  w h i c h  h a s  a 
d r a m a t i c  e f f e c t  on c a k e  r e m o v a l  up t o  a c c e l e r a t i o n s  of 
3 . 0 x 1 0 ^  i n / m  i n / m  in (2 .14 x g ) - T h e s e  d a t a  a r e  n o t
s i g n i f i c a n t l y  e f f e c t e d  by d u s t  t y p e .  T h e y  c o n c l u d e  t h a t  a
w e l l  d e f i n e d  l i m i t  e x i s t s  b e y o n d  w h i c h  f u r t h e r  s h a k i n g  s t r o k e s  
do  n o t  c o n t r i b u t e  to f u r t h e r  f i l t e r  c l e a n i n g  as is t h e  c a s e  
f o r  s h a k e r  a m p l i t u d e  a n d  a c c e l e r a t i o n .  T h e y  s u g g e s t  t h a t  t h e  
t r a n s m i s s i o n  of m o t i o n  is e f f e c t e d  m a i n l y  by s h a k e r  a m p l i t u d e ,  
a n d  t h a t  t h e r e  e x i s t s  a c l e a n i n g  d u r a t i o n  a n d  c o n d i t i o n  t h a t  
w i l l  m i n i m i s e  b a g  w e a r .
C a l c u l a t i n g  t h i s  d a t a  in t e r m s  of f o r c e  p e r  u n i t  a r e a
2g i v e s  a m i n i m u m  c l e a n i n g  f o r c e  of a p p r o x i m a t e l y  12 N / m  .
D e n n i s  a n d  W i l d e r  [ 1 1 ]  h a v e  r e p o r t e d  a c o m p r e h e n s i v e
r a n g e  of d a t a  c o v e r i n g  m a n y  d u s t  r e m o v a l  s y s t e m s  o n
c o n v e n t i o n a l  b a g  t y p e  f i l t e r s .  T h e y  d i v i d e  t h e  c l e a n i n g
s y s t e m  t y p e s  i n t o  t h r e e  g r o u p s .
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1. M e c h a n i c a l l y  s h a k e n .  
2 . P u l s e - a i r .
3. R e v . e r s e - f  low .
T h e  l a s t  g r o u p  is s u b d i v i d e d  to i n c l u d e  a u g m e n t e d  s y s t e m s  
w h i c h  i n v o l v e  a c o m b i n a t i o n  of m e c h a n i c a l  s h a k i n g  a n d  
r e v e r s e - f  lo w a n d  p u l s e - a i r  w i t h  r e v e r s e  f l o w .
It is t h e  f i r s t  s e c t i o n  of t h e i r  w o r k  ( m e c h a n i c a l l y  
s h a k e n  f i l t e r s )  w i t h  w h i c h  t h i s  t h e s i s  is p r i m a r i l y  c o n c e r n e d .  
T h e y  s h o w  t h a t  d u s t  r e m o v a l  by m e c h a n i c a l  s h a k i n g  is b e s t  
d e f i n e d  by r e l a t i n g  t h e  e n e r g y  s u p p l i e d  by t h e  s h a k i n g  p r o c e s s  
to t h e  a d h e s i v e  a n d / o r  c o h e s i v e  f o r c e s  b i n d i n g  t h e  d u s t  to  t h e  
f a b r i c .  T h e  r e m o v a l  of d u s t  d e p e n d s  on  s h a k i n g  f r e q u e n c y
( s p e c i f i c a l l y  in r e l a t i o n  to p o w e r  r e q u i r e m e n t s )  a n d / o r
s h a k i n g  a m p l i t u d e ,  a n d  t h e  r e s i d u a l  d u s t  l o a d i n g  v a r i e s
a p p r o x i m a t e l y  w i t h  t h e  i n v e r s e  s q u a r e  r o o t  of t h e  a v e r a g e  b a g  
a c c e l e r a t i o n  w i t h i n  t h e  r a n g e  1 . 5  to 10 t i m e s  g r a v i t a t i o n a l  
a c c e l e r a t i o n .  C o m p a r i n g  m e c h a n i c a l  c l e a n i n g  w i t h  p u l s e
c l e a n i n g  m e c h a n i s m s  t h e y  c o n c l u d e  t h a t  e s s e n t i a l l y  t h e  s a m e
p r o c e s s  a p p l i e s  to b o t h  c l e a n i n g  s y s t e m s .  In b o t h  c a s e s  t h e  
m o t i o n  of t h e  b a g  r e s u l t s  in an a p p l i e d  a c c e l e r a t i o n  w h i c h
p r o d u c e s  t e n s i l e  f o r c e s  w i t h i n  t h e  c a k e .  W h e n  t h e s e  f o r c e s
e x c e e d  t h e  c o h e s i v e  a n d  a d h e s i v e  f o r c e  in t h e  c a k e  o r  at t h e  
c a k e / f i l t e r  m e d i u m  i n t e r f a c e  t h e n  c l e a n i n g  o c c u r s .
F o r  f r e q u e n c i e s  in t h e  r a n g e  6.1 to  1 0 . 0 H z  a n d  a m p l i t u d e s  
in t h e  r a n g e  0 . 5  to 1 . 5  i n c h e s  ( 1 . 2 7  to 3 . 8 1  c m ) ,  t h e i r
r e s u l t s  s h o w  t h a t  s h a k i n g  a b a g  f o r  m o r e  t h a n  2 0 0  t o  2 5 0  
s h a k e s  d o e s  no t  p r o d u c e  s i g n i f i c a n t  a d d i t i o n a l  d u s t  r e m o v a l .
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At a m p l i t u d e s  in t h e  l o w e r  r e g i o n  of t h e  r a n g e  t h e y  u s e d  ( 0 . 5 
to 0 . 7 5  i n c h e s  ( 1 . 2 7  to 1 . 9 1  cm) l i t t l e  c a k e  r e m o v a l  w a s  
a p p a r e n t  d u e  to  w a v e  d a m p i n g .  S i m i l a r  r e s u l t s  w e r e  r e p o r t e d  
at v e r y  lo w f r e q u e n c i e s .  D u s t  r e m o v a l  e f f i c i e n c y  w a s  at no  
t i m e  s i g n i f i c a n t l y  a b o v e  5 0 % .
F o r  t h e  f l y  a s h / s a t e e n  w e a v e  c o t t o n  b a g s  c o m b i n a t i o n  u s e d  
in t h e  t e s t s  t h e y  q u o t e  t h e  f o l l o w i n g  r e l a t i o n s h i p  f o r  t h e  
r e s i d u a l  a r e a l  d u s t  l o a d i n g .
W = 1 4 3 3 a " ° * 5 N ~ ° ‘ ° 9R
 2 . 2
where:-
2
W „ = r e s i d u a l  d u s t  l o a d  ( g r a i n s / f t  )R 3
a = a v e r a g e  b a g  a c c e l e r a t i o n  ( t i m e s  g.)
N = t o t a l  n u m b e r  of s h a k e s  (-)
M o r e  r e c e n t l y  D e n n i s  C20.1 e t . a l  h a v e  p r o p o s e d  a m o d e l  f o r  
c o a l  f l y  a s h  f i l t r a t i o n  u s i n g  g l a s s  f a b r i c s .  T h e  m o d e l  
c a l c u l a t e s  p a r a m e t e r s  s u c h  as l o c a l i s e d  c l e a n e d  a n d  u n c l e a n e d  
c a k e  l o a d i n g  at v e l o c i t y ,  d r a g  a n d  p e n e t r a t i o n  a n d  s u m s  t h e s e  
p a r a m e t e r s  o v e r  t h e  t o t a l  f i l t e r  s u r f a c e  of  a m u l t i  c o m p a r t m e n t  
b a g  f i l t e r .  F i l t e r  c l e a n i n g  is d e f i n e d  in t e r m s  of c l e a n e d  
a r e a  f r a c t i o n  c a u s e d  by a c l e a n i n g  a r e a l  f o r c e  w h i c h  i t s e l f  is 
d e f i n e d  as t h e  p r o d u c t  of a r e a l  m a s s  a n d  m e a n  b a g  
a c c e l e r a t i o n .
Hence :-
a c=2.23x10"2 Cf2AW)2 -54
------- 2.3
where:-
a c = c l e a n e d  a r e a  f r a c t i o n  (-)
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A = v i b r a t i o n  a m p l i t u d e  ( c m ) .
f = f r e q u e n c y  ( H z ) .
2
W = rrfass p e r  u n i t  a r e a  d u s t  ( g / m  )
T h e y  a l s o  p o i n t  o u t  h o w e v e r  t h a t  d u s t  a d h e s i o n  a n d  
c o h e s i o n  f o r c e s  a n d / o r  c a k e  t h i c k n e s s  m a y  v a r y  o v e r  t h e  c a k e  
a r e a  in a s t a t i s t i c a l  f a s h i o n .  F u r t h e r  to t h i s  t h e y  s a y  t h a t  
t h e r e  is r e a s o n  to  e x p e c t  t h a t  t h e  a p p l i e d  s e p a r a t i n g  f o r c e s  
a r e  n o t  d i s t r i b u t e d  u n i f o r m l y  o v e r  t h e  f a b r i c  s u r f a c e .
A c o m p u t e r  s i m u l a t i o n  p r e d i c t s  f i l t e r  d r a g  a n d  
p e n e t r a t i o n  by s u m m i n g  t h o s e  v a l u e s  o v e r  up to 1 0  s u b d i v i s i o n s  
p e r  b a g .  C l e a n i n g  is by r e v e r s e  f l o w  a n d  f a c e  v e l o c i t i e s  a r e  
in t h e  r e g i o n  of 0 . 6  m / m i n  ( 2 . 0  f t / m i n ) .  T h e  m o d e l  is c h e c k e d  
w i t h  d a t a  f r o m  t w o  A m e r i c a n  p o w e r  s t a t i o n  f i l t e r s  a n d  t h e  
r e s u l t s  c o m p a r e d  d i r e c t l y  w i t h  f i e l d  d a t a ,  t h e s e  s h o w i n g  g o o d  
a g r e e m e n t  f o r  b o t h  p e n e t r a t i o n  a n d  f i l t e r  r e s i s t a n c e .  D a n i e l  
C 2 1 □  e t . a l  r e p o r t s  e x p e r i m e n t a l  d a t a  w h i c h  w a s  o b t a i n e d  in a 
s i m i l a r  m a n n e r  to t h a t  r e p o r t e d  by D e n n i s  e t . a l  C 1 1 3 t h o u g h  
c e m e n t  d u s t  w a s  u s e d  i n s t e a d  of f l y  a s h  a n d  t h e  m a j o r  
p a r a m e t e r  i n v e s t i g a t e d  w a s  f i l t r a t i o n  t e m p e r a t u r e  a n d  b a g  
w e a r .  T h e y  c o n f i r m  t h a t  a c c e l e r a t i o n  is t h e  o p e r a t i n g  f a c t o r  
in s h a k e  c l e a n i n g  a n d  s u g g e s t  t h a t  t e m p e r a t u r e  h a s  l i t t l e  
e f f e c t  on t h e  r e l a t i o n s h i p s  r e p o r t e d  by D e n n i s  C 2 0 D .
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P r i o r  to 1 9 7 5  v e r y  L i t t l e  q u a n t i t a t i v e  i n f o r m a t i o n  a b o u t  
f i l t e r  c l e a n i n g  w a s  a v a i l a b l e .  S t e p h a n  C 1 9 3  e t . a l  r e p o r t e d  
r e s i d u a l  c a k e  p r o f i l e s  in b a g  f i l t e r s  a n d  s u g g e s t e d  t h a t  
r e s o n a n c e  w a s  i m p o r t a n t  in b a g  c l e a n i n g .  T h e y  s t u d i e d  t h e  
v i b r a t i o n ,  c l e a n i n g  a n d  f i l t r a t i o n  p r o f i l e s  a l o n g  a t u b u l a r  
f i l t e r  b a g ,  u s i n g  a v e r t i c a l l y  s h a k e n  b a g .  An  a m p l i t u d e  of 2 
i n c h e s  ( 5 . 0 8  cm) w a s  u s e d  at a f r e q u e n c y  of a p p r o x i m a t e l y  6 - 8  
H z .  F i v e  s e c o n d s  of s h a k e  c l e a n i n g  w a s  a p p l i e d  (3 4 s h a k e s )  
f o l l o w e d  by an a n a l y s i s  of r e s i d u a l  d u s t  m a s s  a n d  r e s i d u a l
c a k e  p e r m e a b i l i t y  a l o n g  t h e  w h o l e  l e n g t h  of t h e  f i l t e r  b a g .  
T h i s  w a s  r e p e a t e d  s e v e n  t i m e s  f o l l o w e d  b y  a s e r i e s  of 
p r o g r e s s i v e l y  i n c r e a s i n g  v i b r a t i o n  p e r i o d s .  T h e y  s h o w e d  t h a t  
t h e  f i r s t  s h a k e  p e r i o d  w a s  r e s p o n s i b l e  f o r  9 5 %  d u s t  r e m o v a l  at 
t h e  t o p  of t h e  b a g ,  b u t  o n l y  8 0 %  at i t s  m i d p o i n t .  V i b r a t i n g  
f o r  l o n g e r  p e r i o d s  a l l o w s  t i m e  f o r  r e s o n a n c e  t o  b u i l d  u p  t h e  
l a t e r a l  v i b r a t i o n  a m p l i t u d e ,  r e s u l t i n g  in a c h a n g e  in r e s i d u a l  
d u s t  m a s s  a l o n g  t h e  b a g .
W a l s h  C 1 0 □  e t . a l  s u b s t a n t i a t e  t h e s e  r e s u l t s ,  a n d  g o  o n  to 
i n v e s t i g a t e  t h e  e f f e c t  of a c c e l e r a t i o n  o n  f i l t e r  c a p a c i t y .  
U s i n g  a f l y  a s h  d u s t  on c o t t o n  s a t e e n  w e a v e  f i l t e r  c l o t h s  t h e y  
e s t a b l i s h  a m i n i m u m  c l e a n i n g  d i m e n s i o n l e s s  a c c e l e r a t i o n  of 
a p p r o x i m a t e l y  2. T h e y  a l s o  d i s c u s s  t h e  m e r i t s  o f  f r e q u e n c y
a n d  a m p l i t u d e  on t h e  t r a n s m i s s i o n  of m o t i o n ,  t h o u g h  
e x p e r i m e n t a l  d a t a  is l i m i t e d .  T h e y  s u g g e s t  t h a t  f o r c e s
a s s o c i a t e d  w i t h  a c c e l e r a t i o n  m a y  be  r e s p o n s i b l e  f o r  m o t i o n  
t r a n s f e r e n c e  .
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A d e t a i l e d  s t u d y  of f a b r i c  f i l t e r  c l e a n i n g  b y  D e n n i s  a n d
W i l d e r  [ 1 1 1  h a s  m o r e  r e c e n t l y  o p e n e d  up  t h e  s u b j e c t  f o r
e x t e n s i v e  s c i e n t i f i c  a n a l y s i s .  T h e y  p o s t u l a t e  a c l e a n i n g
m e c h a n i s m  w h i c h  r e q u i r e s  a c l e a n i n g  s t r e s s  to  b e  p r o d u c e d  in
e x c e s s  of s o m e  c o h e s i v e  or a d h e s i v e  b o n d  s t r e n g t h  w i t h i n  t h e
c a k e .  T h e  v a l u e  of t h e  b o n d  s t r e n g t h  is d e p e n d e n t  u p o n  t h e
c h e m i c a l ,  e l e c t r i c a l  a n d  p h y s i c a l  p r o p e r t i e s  o f  t h e  c a k e  a n d
f i l t e r  m a t e r i a l .  F o r  a u n i f o r m  c a k e  t h e  d e g r e e  o f  f i l t e r
c l e a n i n g  ( c a k e  r e m o v a l )  t h e r e f o r e  r e v o l v e s  a r o u n d  a t t a i n i n g
c l e a n i n g  s t r e s s e s  in e x c e s s  of t h e  b o n d  s t r e n g t h  b e t w e e n  c a k e
a n d  f i l t e r  at a l l  p o i n t s  on t h e  f i l t e r  s u r f a c e .  In t h e  c a s e
of t u b u l a r  b a g  f i l t e r s  t h i s  r e q u i r e s  k n o w l e d g e  of t h e
v i b r a t i o n  c h a r a c t e r i s t i c s  a n d  w a v e  t r a n s f e r  p r o p e r t i e s  of t h e
b a g  a n d  c a k e .  T h e  p r o b l e m  of f i l t e r  c l e a n i n g  p r e d i c t i o n  is
f u r t h e r  c o m p l i c a t e d  by  t h e  p r e s e n c e  of p a r t i a l  b a g  c l e a n i n g ,
v a r i a t i o n s  in c a k e  d e n s i t y  a n d  t h i c k n e s s ,  a n d  t h e  e f f e c t  of
p a r t i c l e  s i z e  a n d  s u r f a c e  c h a r a c t e r i s t i c s  of  t h e  f i l t e r
m a t e r i a l .  T h e y  r e p o r t  a d h e s i v e  f o r c e s  in t h e  r a n g e  of  2 0 0  
2 2d y n e s / c m  ( 2 0 N / m  ) f o r  f l y a s h  p a r t i c l e s  of m a s s  m e d i a n  
d i a m e t e r  of a p p r o x i m a t e l y  8 m i c r o m e t r e s  d e p o s i t e d  o n  s e v e r a l  
w o v e n  or f e l t e d  f a b r i c s .
A t h e o r y  of p a r t i c l e  c a p t u r e  m e c h a n i s m s  h a s  b e e n  r e l a t e d  
to c a k e  r e m o v a l  by G r e g o r y  [ 2 2 1 .  He c o n s i d e r s  t h e  c o m b i n a t i o n  
of e l e c t r i c a l  r e p u l s i o n  w i t h  V a n  d e r  W a a l s  ' a t t r a c t i o n  
r e s u l t i n g  in an e n e r g y  b a r r i e r  to p a r t i c l e  c a p t u r e ,  a n d  h e n c e  
to p a r t i c l e  r e m o v a l .
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3 T h e o r y
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3.1 F i l t e r  c l e a n i n g  t h e o r y
T h e  f o r c e s  i n v o l v e d  in p a r t i c l e  d e p o s i t i o n  o n  a f i l t e r  
m a t e r i a l  a l s o  e f f e c t  t h e  m e c h a n i s m  of d u s t  c a k e  r e m o v a l .  
T h e s e  f o r c e s  a r e  d i s c u s s e d  in d e t a i l  in t h e  f o l l o w i n g  s e c t i o n .  
T h e  o v e r a l l  p i c t u r e  of c a k e  d e p o s i t i o n  a n d  r e m o v a l  h o w e v e r  
r e q u i r e s  a m o r e  g e n e r a l i s e d  a n d  q u a l i t a t i v e  a p p r o a c h .
C o n s i d e r i n g  a n e w  f i l t e r  c l o t h  t h r o u g h  w h i c h  c l e a n  a i r  is 
p a s s i n g  it is p o s s i b l e  to d e s c r i b e  t h e  i n i t i a l  f l o w  p a t t e r n  in 
t e r m s  of t h e  l o c a l i s e d  f l o w  v e l o c i t y .  M a n y  f i l t e r  m a t e r i a l s  
m a y  be d e s c r i b e d  as e s s e n t i a l l y  u n i f o r m  e i t h e r  d u e  to  a 
s t r u c t u r e  c o n s i s t i n g  of a t h i c k  p a d  of r a n d o m l y  p a c k e d  f i b r e s  
or a s t r i c t l y  u n i f o r m  g r i d  of f i b r e s  o r  f i b r i l s .  S o m e  
m a t e r i a l s  s u c h  as n e e d l e  f e l t s  h a v e ,  h o w e v e r ,  a r e a s  of  w i d e l y  
v a r y i n g  t h i c k n e s s  or p e r m e a b i l i t y .  A l l  m a t e r i a l s  a r e  s u b j e c t  
to n o n - i n t e n t i o n a l  m a n u f a c t u r i n g  f a u l t s  o n  t h e  m i c r o  o r  m a c r o  
l e v e l .  It is l i k e l y  t h e r e f o r e  t h a t  a f i l t e r ,  e v e n  b e f o r e  
e x p e r i e n c i n g  a c h a l l e n g e  d u s t ,  w i l l  n o t  h a v e  a t o t a l l y  u n i f o r m  
f l o w  v e l o c i t y  p r o f i l e  o v e r  t h e  w h o l e  of i t s  f i l t r a t i o n  
s u r f a c e .  W h e n  f i l t r a t i o n  b e g i n s  t h e r e f o r e ,  a r e a s  o f  h i g h  a n d  
lo w d e p o s i t i o n  r a t e s  w i l l  e x i s t  on  t h e  m i c r o  a n d  m a c r o  l e v e l s .  
O n  t h e  m i c r o  l e v e l  it is i n f o r m a t i v e  t o  c o n s i d e r  a s i n g l e  
p a r t i c l e  a p p r o a c h i n g  a s i n g l e  f i b r e  w h i c h  is p a r t  of a m a t r i x  
of f i b r e s  w h i c h  c o m p o s e  t h e  f i l t e r .  T h e  p a r t i c l e  m a y  n o t  p a s s  
in c l o s e  p r o x i m i t y  to t h e  f i b r e  a n d  w i l l  n o t  b e  d e p o s i t e d  in
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t h e  f i r s t  c a s e  or on t h e  o t h e r  e x t r e m e  t h e  p a r t i c l e  m a y  s t r i k e  
t h e  f i b r e  a n d  r e b o u n d .  T r a j e c t o r i e s  a n d  v e l o c i t i e s  w h i c h  
a l l o w  c.apture h a v e  b e e n  d i s c u s s e d  in t h e  l i t e r a t u r e  C 2 3 ] ,  as 
h a v e  t h e  p a r a m e t e r s  e f f e c t i n g  p a r t i c l e  r e b o u n d  [ 1 6 ,  1 7 ] .  T h e  
i n t e r m o l e c u l a r  f o r c e s  r e q u i r e d  to h o l d  p a r t i c l e s  to  f i l t e r  
f i b r e s  h a v e  a l s o  b e e n  e x t e n s i v e l y  r e p o r t e d  [ 2 2 ,  1 4 ,  2 3 ] .
W h e n  p a r t i c l e s  a r e  a l r e a d y  p r e s e n t  t h e n  s u b s e q u e n t
p a r t i c l e s  a p p r o a c h i n g  t h e  f i b r e  m a y  be c a p t u r e d  by  e i t h e r  t h e  
f i b r e  or on t h e  p a r t i c l e s  a l r e a d y  p r e s e n t .  E x p e r i m e n t a l  d a t a  
h a s  s h o w n  t h a t  in s o m e  c a s e s  a p p r o a c h i n g  p a r t i c l e s  m a y
p r e f e r e n t i a l l y  d e p o s i t  on o t h e r  p a r t i c l e s ,  t h u s  f o r m i n g
p a r t i c l e  ' t r e e s '  or d e n d r i t e s  C 2 4] .
T h e  f o r c e s  w h i c h  a t t r a c t  a n d  r e t a i n  p a r t i c l e s  a r e  
d i s c u s s e d  in t h e  f o l l o w i n g  s e c t i o n .  It is c l e a r  f r o m  t h e  
p r e v i o u s  d i s c u s s i o n  t h a t  t h e  a t t r a c t i v e  a n d  r e t a i n i n g  f o r c e s  
e x p e r i e n c e d  b e t w e e n  p a r t i c l e s  is o f t e n  h i g h e r  t h a n  t h a t  
e x p e r i e n c e d  b e t w e e n  p a r t i c l e s  a n d  f i b r e  s u r f a c e .  It is a l s o  
c l e a r  t h a t  t h e  f o r c e s  a s s o c i a t e d  w i t h  c a p t u r e  a n d  r e t e n t i o n  of 
p a r t i c l e s  w i l l  a l s o  be s t r o n g l y  a s s o c i a t e d  w i t h  t h o s e  r e q u i r e d  
to r e m o v e  p a r t i c l e s .  P a r t i c l e  r e m o v a l  o n  t h e  m i c r o  l e v e l  
t h e r e f o r e  is l i k e l y  to o c c u r  at t h e  p a r t i c l e  
a g g l o m e r a t e / s u r f a c e  b o u n d a r y .  T h i s  d i s c u s s i o n  m a y  be  e q u a l l y  
a p p l i e d  to t h e  c a s e  w h e r e  p a r t i c l e  d i m e n s i o n s  a r e  l a r g e r  t h a n  
f i l t e r  p o r e  s i z e  a n d  t h e  d o m i n a n t  m o d e  of f i l t r a t i o n  is a k i n  
to t h e  s i e v i n g  p r o c e s s .  W h e n  f i l t r a t i o n  o c c u r s  w i t h i n  a m o r e  
o p e n  f i l t e r  s t r u c t u r e  t h e n  t h e  i n i t i a l  c a k e  m a y  f o r m  w i t h i n  
t h e  f i l t e r  s t r u c t u r e  a n d  c a k e  r e m o v a l  m u s t  i n v o l v e  b r e a k i n g  
p a r t  i c e / p a r t i c l e  ( c o h e s i v e )  b o n d s .  T h e  b o n d  s t r e n g t h  f o r  a
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g i v e n  p a r t i c l e / p a r t i c l e  i n t e r a c t i o n  o r  p a r t i c l e / s u r f a c e  
i n t e r a c t i o n  is d e p e n d e n t  u p o n  t h e  f a c t o r s  d i s c u s s e d  in t h e  
n e x t  se'ction. G e n e r a l l y ,  h o w e v e r ,  it c a n  be s e e n  t h a t  t h e  
m a j o r  f a c t o r s  w h i c h  e f f e c t  e i t h e r  t y p e  of b o n d  a r e  n o t  
s t r o n g l y  d e p e n d e n t  u p o n  p a r t i c l e  v e l o c i t y .  T h e  m a i n  f a c t o r  
e f f e c t i n g  t h e  i n t e r m o l e c u l e r  b o n d  s t r e n g t h  b e t w e e n  t w o  
e l e c t r i c a l l y ‘s i m i l a r  b o d i e s  is t h e i r  s e p a r a t i o n  d i s t a n c e .  
D e c r e a s e d  s e p a r a t i o n  d i s t a n c e  m a y  be  a c h i e v e d  b y  s e v e r a l  
means.
(i) D e f o r m a t i o n  of t h e  p a r t i c l e s  or s u r f a c e .
(ii) L o c a t i o n  of p a r t i c l e s  i n t o  a c l o s e r  p a c k e d  s t r u c t u r e .
( i i i )  T h e  e f f e c t  of s m a l l e r  p a r t i c l e s  l o c a t e d  i n t o  s u i t a b l e  g 
a p s .
(iv) S u r f a c e  r o u g h n e s s .
O n  t h e  m a c r o  s c a l e  c a k e  c l e a n i n g  m a y  i n v o l v e  b r e a k i n g  
p a r t i c l e / s u r f a c e  ( a d h e s i v e )  b o n d s .  So t h a t  a c o m p a r i s o n  m a y  
b e  m a d e  b e t w e e n  f i l t e r s  of d i f f e r e n t  s i z e  a n d  s h a p e  t h e  t o t a l  
f o r c e  r e q u i r e d  to r e m o v e  a c a k e  is r e l a t e d  to  t h e  c a k e  a r e a  . 
A c l e a n i n g  f o r c e  p e r  u n i t  a r e a  o r  s t r e s s  m a y  t h e r e f o r e  be
d e f i n e d  f o r  a s p e c i f i c  c a k e / c l o t h  t y p e ,  p r o v i d e d  t h e  e f f e c t s  
of e l e c t r o s t a t i c  f o r c e s  a n d  f i l t r a t i o n  v e l o c i t y  a r e  t a k e n  i n t o  
a c c o u n t .  A c a k e  m a y  t h e r e f o r e  c o m p r i s e  of  a r e a s  in w h i c h  
p a r t i c l e s  h a v e  b e e n  d e p o s i t e d  o n t o  a r e a s  of c l o t h  o r  f i l t e r  
m a t e r i a l  of v a r y i n g  s t r u c t u r e  a n d  p e r m e a b i l i t y  a n d  h e n c e  at 
v a r y i n g  v e l o c i t y  L2 5]. T h e  s t r e s s  r e q u i r e d  f o r  c l e a n i n g  m a y  
t h e r e f o r e  v a r y  o v e r  t h e  f i l t e r  s u r f a c e .  T h e  m e t h o d s  of 
a p p l y i n g  t h e  c l e a n i n g  s t r e s s  a r e  v a r i e d .  T w o  f u n d a m e n t a l
p r o c e s s e s  a r e  u s e d  s i n g u l a r l y  or in c o m b i n a t i o n .  A c a k e
c l e a n i n g  f o r c e  m a y  be a p p l i e d  by  p r o d u c i n g  a b a c k  f l o w  of a i r
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t h r o u g h  t h e  f i l t e r ,  or by v i b r a t i n g  or s h a k i n g  t h e  f i l t e r  
u s i n g  a m u l t i t u d e  of v i b r a t i o n a r y  p r o c e s s e s .  C o n s i d e r i n g  t h e  
i n d u c e m e n t  of c l e a n i n g  s t r e s s  by v i b r a t o r y  m e t h o d s ,  it c a n  be 
s h o w n  t h a t  t h e  s t r e s s e s  p r o d u c e d  i n c r e a s e  w i t h  c a k e  d e p t h
[ 1 1 3 .  An e l e m e n t  of c a k e  e x p e r i e n c i n g  an a c c e l e r a t i o n  of 'a'
2 2 m / s  w i l l  p r o d u c e  an a r e a l  f o r c e  of M .a N / m  ,a
w h e r e  M is t h e  m a s s  p e r  u n i t  s u r f a c e  a r e a  of t h e  c a k e ,  a
S i n c e  t h e  m a s s  p e r  u n i t  s u r f a c e  a r e a  of t h e  c a k e  i n c r e a s e s  
a p p r o x i m a t e l y  l i n e a r l y  w i t h  c a k e  d e p t h  ( a s s u m i n g  c o n s t a n t  c a k e  
d e n s i t y ) ,  t h e n  t h e  a r e a l  f o r c e  e x p e r i e n c e d  b y  t h e  e l e m e n t  is 
p r o p o r t i o n a l  to  t h e  c a k e  d e p t h .  A s s u m i n g  a h y p o t h e t i c a l  c a k e  
b o n d  t e n s i l e  s t r e s s  as s h o w n  in F i g u r e  3 . 1  it c a n  b e  s e e n  t h a t  
c a k e  r e m o v a l  m a y  o c c u r  e i t h e r  w i t h i n  t h e  c a k e  ( c a s e  3 . 1 a )  
r e s u l t i n g  in a g r a d u a l  r e d u c t i o n  in c a k e  t h i c k n e s s  o r  at t h e  
c a k e / s u r f a c e  i n t e r f a c e  ( c a s e  3 . 1 b ) .
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Figure 3.1 Hypothetical internal forces produced by
vibration (11 (p16))
a) High adhesive/cohesive ratio
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3 . 1 . 1  P a r t i c l e  a t t r a c t i v e  f o r c e s  d u e  to  m o l e c u l a r
i n t e r a c t i o n . [ 1 4 3
T h e  a t t r a c t i o n  of p a r t i c l e s  to  e a c h  o t h e r  o r  to  a
s u b s t r a t e  m a t e r i a l  m a y  be d u e  to  o n e  o r  m o r e  of t h e
f o l l o w i n g  m e c h a n i s m s  [ 2 6 , 1 4 3 .
i) E l e c t r o s t a t i c  f o r c e s .
A n  e l e c t r o s t a t i c  f o r c e  b e t w e e n  p a r t i c l e s  o r  b e t w e e n  
p a r t i c l e s  a n d  a s u r f a c e  m a y  a r i s e  d u e  t o  t h r e e  d i f f e r e n t  
p r o c e s s e s .
W h e n  a c h a r g e d  p a r t i c l e  a p p r o a c h e s  a c h a r g e d  s u r f a c e
an a t t r a c t i v e  or r e p u l s i v e  f o r c e  w i l l  be  e x p e r i e n c e d  b y  t h e
p a r t i c l e .  In a s i m i l a r  w a y  a c h a r g e d  p a r t i c l e  m a y  i n d u c e
an e q u a l  a n d  o p p o s i t e  c h a r g e  in a s u b s t r a t e  m a t e r i a l .  If a
c h a r g e d  p a r t i c l e  is b r o u g h t  i n t o  c o n t a c t  w i t h  an  u n c h a r g e d
i n s u l a t e d  s u r f a c e ,  t h e  c h a r g e d  p a r t i c l e  w i l l  i n d u c e  an
e q u a l  c h a r g e ,  of o p p o s i t e  s i g n ,  at an e q u a l  d i s t a n c e  f r o m
t h e  i n s u l a t e d  s u r f a c e .  T h i s  i m a g e  c h a r g e  l e a d s  t o  a n
a t t r a c t i v e  f o r c e  F o f : -  •c
w h e r e :  -
Q = c h a r g e  on  t h e  p a r t i c l e  
I = d i s t a n c e  b e t w e e n  c h a r g e  c e n t r e s .
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A f u r t h e r  p r o c e s s  is p o s s i b l e  w h e n  t w o  d i s s i m i l a r  
s u r f a c e s  a r e  s e p a r a t e d  by a s m a l l  g a p  in v a c u o .  W h e n  t w o  
m a t e r i a l s  of d i f f e r e n t  w o r k  f u n c t i o n s  ( F e r m i  l e v e l s )  a r e  
s e p a r a t e d  by a s m a l l  g a p  in v a c u o  t h e n  e l e c t r o n s  f r o m  t h e  
m a t e r i a l  w i t h  t h e  l o w e r  w o r k  f u n c t i o n  a r e  t r a n s f e r r e d  to 
t h e  m a t e r i a l  w i t h  t h e  h i g h e r  o n e ,  u n t i l  b o t h  m a t e r i a l s  h a v e  
a c h i e v e d  t h e  s a m e  l e v e l .
F o r  s p h e r e s  i n t e r a c t i n g  w i t h  f l a t  s u r f a c e s  t h e  
c o r r e s p o n d i n g  f o r c e  is g i v e n  b y : -
w h e r e : -
A U  = p o t e n t i a l  d i f f e r e n c e  
R  = p a r t i c l e  r a d i u s  
H = s e p a r a t i o n  d i s t a n c e  
£0 = p e r m i t t i v i t y  in v a c u o
ii) V a n  d e r  W a a l ' s  f o r c e .
A l l  a t o m s  or m o l e c u l e s  w h i c h  a r e  a d j a c e n t  t o  e a c h  
o t h e r  w i l l  e x p e r i e n c e  a f o r c e  d u e  to V a n  d e r  W a a l ' s  f o r c e s .  
T h e s e  f o r c e s  a r e  i n d u c e d  by t h e  m u t u a l  d i s t o r t i o n  o f  t h e  
e l e c t r o n  c l o u d s  of e a c h  a t o m  or m o l e c u l e ,  t h u s  p r o d u c i n g  an 
i n d u c e d  d i p o l e .
7 T £ 0 R (  AU) 
Ii
2
3 . 2
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F o r  a s p h e r i c a l  o b j e c t  i n t e r a c t i n g  w i t h  a f l a t  p l a t e  
( F i g u r e  3 . 2 a )  t h e  V a n  d e r  W a a l s  f o r c e  of a t t r a c t i o n  is 
give.n by [ 1 4 1 : -
A, R
F = 26 H
- - - --- 3 . 3
a n d  f o r  a s p h e r e  w i t h  e x t e n d e d  c o n t a c t  a r e a  ( F i g u r e  3 . 2 b )  
t h e  a d h e s  i on f o r c e  
m a y  be c a l c u l a t e d  f r o m : -
A, R A, ttp ' ^
F + ___
2 36 II 6TT11
3 . 4
w h e r e  : - 
F = f o r c e
A , = H a m a k e r  c o n s t a n t  h
R = p a r t i c l e  r a d i u s  
H = s e p a r a t i o n  d i s t a n c e  
p ! = r a d i u s  of c o n t a c t  a r e a
p r o v i d e d  t h e  s e p a r a t i o n  d i s t a n c e  is l e s s  t h a n  2 5 n m  a n d  
v e r y  m u c h  l e s s  t h a n  t h e  p a r t i c l e  r a d i u s  R.
i i i ) D i p o l e  f o r c e s
P a r t i c l e s  w i t h  a n o n - u n i f o r m  c h a r g e  or  d i p o l e  m o m e n t  
w i l l  i n t e r a c t  w i t h  a n o n - u n i f o r m  f i e l d  c a u s i n g  a t t r a c t i o n  
or r e p u l s i o n  of t h e  p a r t i c l e s .
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' C a p i l l a r y  f o r c e s  o n l y  c o m e  i n t o  p l a y  in w e t  f i l t r a t i o n  
o r  at h i g h  r e l a t i v e  h u m i d i t y .  In t h e  c a s e s  c o n s i d e r e d  h e r e  
t h e  f o r c e s  p r o d u c e d  by c a p i l l a r y  a c t i o n  a r e  n o t  
s i g n i f i c a n t .
T h e  e f f e c t s  of c o n t a c t  a r e a  on V a n  d e r  W a a l s  f o r c e  c a n
b e  s e e n  f r o m  E q u a t i o n  3 . 4 ,  w h e r e  t h e  c o n t a c t  a r e a  f o r  a
2
f l a t t e n e d  s p h e r e  is g i v e n  by ttp 1 . T h e  f l a t t e n i n g  of t h e
s p h e r e  m a y  be d u e  to p a r t i c l e  s h a p e  or t h e  d e f o r m a t i o n  of 
p l a s t i c  or e l a s t i c  p a r t i c l e s .  I n c r e a s e d  o r  d e c r e a s e d  
c o n t a c t  a r e a  m a y  a l s o  be p r o d u c e d  by t h e  e f f e c t s  of  s u r f a c e  
r o u g h n e s s  as s h o w n  b y  F i g u r e  3 . 2 c .  G e n e r a l l y  E 1 4 D  a n  
i n c r e a s e  in s u r f a c e  r o u g h n e s s  r e s u l t s  in a d e c r e a s e  in 
a d h e s i o n ,  h o w e v e r  w h e n  m a c r o  r o u g h n e s s  b e c o m e s  t h e  s a m e
o r d e r  of m a g n i t u d e  as t h e  p a r t i c l e  d i m e n s i o n s  t h e n  a d h e s i o n  
is i n c r e a s e d .  A n y  p r o c e s s  t h e r e f o r e  w h i c h  a l l o w s  i n c r e a s e d  
c o n t a c t  a r e a  ( a n d / o r  d e c r e a s e d  s e p a r a t i o n  d i s t a n c e )  w i l l  
i n c r e a s e  t h e  f o r c e s  of a d h e s i o n  w h e t h e r  b e t w e e n  p a r t i c l e s
or b e t w e e n  p a r t i c l e s  a n d  s u b s t r a t e  m a t e r i a l .  F r o m  t h i s
d i s c u s s i o n  it m a y  be d e d u c e d  t h a t  p a r t i c l e s  h a v i n g  a
u n i f o r m  s u r f a c e  s t r u c t u r e  a r e  l i k e l y  to  b o n d  m o r e  s t r o n g l y  
t o  e a c h  o t h e r  t h a n  to  a s u b s t r a t e  m a t e r i a l  w h i c h  d o e s  n o t
h a v e  s u c h  a s u r f a c e  s t r u c t u r e .
T h e  t o t a l  a t t r a c t i v e  f o r c e s  of p a r t i c l e s  t o  p a r t i c l e s
a n d  p a r t i c l e s  to s u b s t r a t e  m a t e r i a l  m a y  be  c a l c u l a t e d  f r o m  
t h e  f o r e g o i n g  t h e o r i e s ,  b u t  t h e  a c c u r a c y  o f  s u c h
c a l c u l a t i o n s  s h o u l d  be t r e a t e d  w i t h  s u s p i c i o n  f o r  a l l  b u t
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t h e  m o s t  i d e a l i s e d  c o n d i t i o n s .  T h e  d e t e r m i n a t i o n  of t r u e  
p a r t i c l e  s i z e  is in i t s e l f  d i f f i c u l t .  In m o s t  r e a l  c a s e s  a 
rang-e of p a r t i c l e  s i z e s  w i l l  e x i s t  a n d  t h e s e  w i l l  r a r e l y  be 
p u r e l y  s p h e r i c a l .  W h e r e  s u r f a c e  r o u g h n e s s  is s i g n i f i c a n t  
t h e  t r u e  p a r t i c l e  s i z e  is a g a i n  in q u e s t i o n .  S u r f a c e  
r o u g h n e s s  a l s o  e f f e c t s  t h e  s e p a r a t i o n  d i s t a n c e  a n d  c o n t a c t  
a r e a  w h i c h  in t h e m s e l v e s  a r e  n o t  e a s i l y  o b t a i n a b l e .  W h e n  
p a r t i c l e s  a r e  p a c k e d  i n t o  a m a t r i x ,  d e p o s i t e d  o n t o  a 
s u b s t r a t e  m a t e r i a l  t h e  o v e r a l l  e f f e c t  b e c o m e s  m o r e  c o m p l e x .
T h e  c o m p e x i t y  of s u c h  c a l c u l a t i o n s ,  t h e r e f o r e ,  
p r e c l u d e s  t h e  u s e  of t h e o r e t i c a l  c a l c u l a t i o n s  t o  d e t e r m i n e  
c a k e  a d h e s i o n  f o r c e  or s t r e s s .  S u c h  a d i s c u s s i o n  h o w e v e r  
h i g h l i g h t s  t h e  i m p o r t a n t  r e l a t i o n s h i p s  in c a k e  b o n d i n g  
f o r c e s .
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. B e f o r e  c l e a n i n g  c a n  o c c u r  on a n y  f i l t e r  s y s t e m  a f o r c e  
g r e a t e r  t h a n  t h e  b o n d  s t r e n g t h  m u s t  be  i n d u c e d  at s o m e  
p o i n t  w i t h i n  t h e  c a k e  or at t h e  c a k e / f i l t e r  i n t e r f a c e .  T h e  
m e t h o d s  of i n d u c i n g  t h i s  f o r c e  a r e  v a r i e d  b u t  t h e  e s s e n t i a l  
m e c h a n i s m s  r e m a i n  t h e  s a m e ,  p r o v i d e d  s o m e  f l e x i n g  of t h e  
f i l t e r  s u r f a c e  t a k e s  p l a c e .
T h e  d u s t  l a d e n  f i l t e r  n o r m a l l y  c o n s i s t s  of a f l e x i b l e  
f i l t e r  m a t e r i a l  w i t h  a c a k e  m a d e  up  of p a r t i c u l a t e  m a t e r i a l  
a t t a c h e d  t o  it. W h e n  n o r m a l  t u b u l a r  b a g  f i l t e r s  a r e  s h a k e  
c l e a n e d ,  a v i b r a t i o n  is i n d u c e d  at e i t h e r  o n e  o r  b o t h  e n d s ,  
a n d  m o t i o n  is t r a n s f e r r e d  to  o t h e r  a r e a s  of t h e  b a g  by w a v e  
p r o p o g a t i o n .  T h e  i n i t i a l  c y c l e s ,  if of s u f f i c i e n t l y  l a r g e  
a m p l i t u d e ,  w i l l  b r e a k  u p  t h e  c a k e  i n t o  s e c t i o n s ;  t h i s  in 
i t s e l f  m a y  be e n o u g h  t o  r e d u c e  t h e  f i l t e r  r e s i s t a n c e  
w i t h o u t  r e m o v i n g  a n y  d u s t .  E a c h  s e c t i o n  of c a k e  w i l l  t h e n  
t e n d  to a c t  i n d e p e n d e n t l y  a n d  o n l y  b e c o m e  d e t a c h e d  if
s u f f i c i e n t  f o r c e  t o  b r e a k  t h e  c a k e / s u r f a c e  b o n d  is 
d e v e l o p e d .  S i n c e  f o r c e  is d e p e n d e n t  u p o n  t h e  c a k e  m a s s  a n d
a c c e l e r a t i o n ,  a r e a s  w i t h  a l a r g e  c a k e  l o a d i n g  a n d / o r  a r e a s
e x p e r i e n c i n g  l a r g e r  a c c e l e r a t i o n s  w i l l  c l e a n
p r e f e r e n t i a l l y .
If t h e  a m p l i t u d e  a n d  a c c e l e r a t i o n  o f  v i b r a t i o n  is
s u f f i c i e n t l y  l a r g e  to a l l o w  v i b r a t i o n  w a v e s  t o  r e a c h  t h e  
b o t t o m  of t h e  f i l t e r  b a g  a n d  t h e  b a g  c l e a n i n g  m e c h a n i s m  is 
s u c h  to a l l o w  w a v e  r e f l e c t i o n ,  t h e n  v i b r a t i o n  w a v e s  m a y  
t r a v e l  d o w n  t h e  b a g  a n d  b a c k  a g a i n .  W h e n  t h e  v i b r a t i o n
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f r e q u e n c y  is s u c h  t h a t  w a v e s  r e t u r n i n g  f r o m  t h e  b o t t o m  of 
t h e  b a g  r e a c h  p e a k  a m p l i t u d e  at t h e  s a m e  t i m e  as t h e  
exci-tat i on  w a v e  t h e n  a s t a n d i n g  w a v e  m a y  b e  p r o d u c e d  a n d  
r e s o n a n c e  o c c u r s .  U n d e r  t h e s e  c o n d i t i o n s  l a r g e  a m p l i t u d e s  
a n d  a c c e l e r a t i o n s  m a y  be d e v e l o p e d  at p o s i t i o n s  w h e r e  
i n d u c e d  a n d  r e f l e c t e d  w a v e s  r e - i n f o r c e  e a c h  o t h e r .  Z e r o  
a m p l i t u d e  a n d  a c c e l e r a t i o n  a r e a s  m a y  a l s o  be p r o d u c e d  at 
p l a c e s  in t h e  b a g  w h e r e  t h e  w a v e s  c a n c e l l  e a c h  o t h e r  o u t .  
At a n t i - r e s o n a n t  c o n d i t i o n s  t h e  w a v e s  m a y  b e  d a m p e d  o u t  
c o m p l e t e l y ,  a l t h o u g h  t h i s  is n o r m a l l y  u n l i k e l y  as t h e  
i n d u c e d  v i b r a t i o n  is of g r e a t e r  a m p l i t u d e  a n d  a c c e l e r a t i o n  
t h a n  t h e  r e f l e c t e d  w a v e .
A s s u m i n g  t h a t  a f i l t e r  b a g  c o r r e s p o n d s  a p p r o x i m a t e l y  
to an i d e a l  s t r i n g  t h e  r e s o n a n t  f r e q u e n c i e s  a r e  g i v e n  b y : - 
[1 1]
f = j l nr
n  2 9.
\l 1 '
------ 3 . 5
w h e r e : -
m ^ =  m a s s  p e r  u n i t  l e n g t h  
N = w a v e  n u m b e  r 
I = I e n g  t h 
T = t e n s i o n
A n y  c h a n g e  in m a s s  t h e r e f o r e  e f f e c t s  t h e  r e s o n a n t  
f r e q u e n c y  a n d  c o n s e q u e n t l y  t h e  p o s i t i o n  of  n o d e s  a n d  
a n t i n o d e s .  As c a k e  is r e m o v e d  t h e r e f o r e  t h e  m a s s  p e r  u n i t  
length- w i l l  be d e c r e a s e d  t h u s  a l l o w i n g  t h e  p o s s i b i l i t y  of
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h i g h e r  r e s o n a n t  f r e q u e n c i e s  b e i n g  e x c i t e d .  M o r e  d u s t  m a y  
b e  r e m o v e d  as a r e s u l t  of t h e  f r e q u e n c y  c h a n g e ,  p r o v i d e d  
t h e  - c h a n g e  in m a s s  is s u f f i c i e n t  to  a l l o w  a c h a n g e  in 
v i b r a t i o n  m o d e .  This' is n o t  a l i k e l y  o c c u r r e n c e  in 
g e o m e t r i c a l l y  s i m p l e  s y s t e m s  s u c h  as a s i m p l e  s t r i n g  or 
p e r f e c t l y  u n i f o r m ,  t e n s i o n e d  s q u a r e  m e m b r a n e  w h i c h  is 
r i g i d l y  c l a m p e d  on a l l  e d g e s ,  b u t  a c o m p l e x  s t r u c t u r e  s u c h  
as a l o a d e d  f i l t e r  w i l l  p o s s e s s  m a n y  p o s s i b l e  m o d e s  of 
e x c i t a t i o n .
W h e n  t h e  c a k e  e l e m e n t  h a s  b e c o m e  d e t a c h e d  it m u s t  be 
d i s p l a c e d  s u f f i c i e n t l y  to p r e v e n t  r e - a d h e s i o n  to  e i t h e r  t h e  
o r i g i n a l  s i t e  or to s o m e  o t h e r  s i t e  on  t h e  c l o t h .  In t h e  
c a s e  of v i b r a t i o n  c l e a n e d  f i l t e r  b a g s  s u c h  r e d e p o s i t i o n  is 
n o t  n o r m a l l y  a p r o b l e m  t h o u g h  h i g h  e n e r g y  c l e a n i n g  m a y  
r e d i s p e r s e  t h e  d u s t  to i n d i v i d u a l  p a r t i c l e s  a n d  t h e r e f o r e  
i n c r e a s e  t h e  s e t t l i n g  t i m e .
In t h e  c a s e  of f l a t  i n c l i n e d  f i l t e r s ,  s e p a r a t i o n  is 
f o l l o w e d - b y  t r a n s p o r t  in a s i m i l a r  w a y  to v i b r a t o r y  f e e d e r s  
1127,283. T h e  u s e  of f l a t  i n c l i n e d  f i l t e r s  h a s  s e v e r a l  
a d v a n t a g e s  f r o m  t h e  c a k e  r e m o v a l  a s p e c t ,  s u c h  a s : -
1) L i m i t e d  f l e x i n g  of t h e  f i l t e r  m e d i u m .
2) D i r e c t  a p p l i c a t i o n  of c a k e  c l e a n i n g  f o r c e  to  a l l  a r e  
as of t h e  f i l t e r  m e d i u m .
3) T r a n s p o r t  of f i l t e r  c a k e  a w a y  f r o m  t h e  f i l t e r  m e d i u ^  
a n d  i n t o  a d i s c h a r g e  c h u t e .
A n  i n c l i n e d  f l a t  f i l t e r  w h i c h  is v i b r a t e d  a t  i t s  l o w e r  
u n s u p p o r t e d  e d g e ,  m a y  be r e g a r d e d  as a c a n t i l e v e r . T h e  
v i b r a t i o n  is a p p l i e d  to  a m e t a l  f r a m e  w h i c h  t r a n s m i t s
C h a p t e r  3
30
m o v e m e n t  to t h e  f i t t e r  m e d i u m  at a l l  p o i n t s  on  t h e  f i t t e r  
p e r i m e t e r .  T h e  f i t t e r  m e d i u m  n e e d  n o t  be  f t e x i b t e  f o r  
moti.on to o c c u r  at a t t  p o i n t s  on t h e  f i t t e r  s u r f a c e ,  a n d  
t h e r e f o r e  f i t t e r  m e d i u m  f t e x u r e  is an u n n e c c e s a r y  p a r t  of 
c a k e  r e m o v a t .  It is p o s s i b t e  t h e r e f o r e  f o r  f r a g i t e  c t o t h s  
to be e f f i c i e n t t y  c t e a n e d ,  w i t h o u t  t h e  p o s s i b i t i t y  of 
e x c e s s i v e  f i t t e r  f t e x u r e  a n d  c o n s e q u e n t  d a m a g e .  T h e  
e x c e s s i v e  v i b r a t i o n s  of o n e  p a r t  of t h e  f i t t e r  n e c e s s a r y  to 
e n s u r e  c a k e  r e m o v a t  o v e r  t h e  w h o t e  f i t t e r  a r e a  is t h e r e f o r e  
n o  t o n g e r  r e q u i r e d  a n d  t h i s  r e s u t t s  in an e v e n  r e s i d u a t  
c a k e  of c o n t r o l t a b t e  q u a t i t y .  C t e a n i n g  c h a r a c t e r i s t i c s  m a y  
t h e r e f o r e  be o p t i m i s e d  f o r  m a x i m u m  c a k e  r e m o v a t  or f o r  
m i n i m u m  s e e p a g e .  T h e  s t i d i n g  a c t i o n  of a c a k e  o v e r  t h e  
u p f a c i n g  c t o t h s  w i t t  p r e v e n t  ' p i n h o t e s '  a n d  t h u s  r e d u c e  
p e n e t r a t i o n .
T h e  o p t i m u m  f r e q u e n c y  of v i b r a t i o n  in t h i s  c a s e  d o e s  
n o t  d e p e n d  u p o n  t h e  f i t t e r  m e d i u m  m e c h a n i c a t
c h a r a c t e r i s t i c s ,  b u t  o n  t h e  f i t t e r  s u p p o r t  f r a m e  r i g i d i t y  
a n d  m a s s .  T h e  c a k e  c t e a n i n g  i n t e n s i t y  a n d  c a k e  t r a n s p o r t  
m a y  t h e r e f o r e  be c t o s e t y  c o n t r o t t e d  b y  ’t u n i n g '  t h e  
v i b r a t i o n a t  c h a r a c t e r i s t i c s  to  t h e  c a k e / c l o t h
c h a r a c t e r i s t i c s .
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3.2..1 S i m p l e  h a r m o n i c  m o t i o n
F o r  a s i n g l e  p a r t i c l e  or  p o i n t  c o n s t r a i n e d  t o  m o v e  in 
a s t r a i g h t  l i n e  s u c h  t h a t  t h e  a c c e l e r a t i o n  p r o d u c e d  by t h e  
d i s p l a c e m e n t  f r o m  a f i x e d  p o i n t  is p r o p o r t i o n a l  t o  t h a t  
d i s p l a c e m e n t ,  t h e n  t h e  m o t i o n  is s a i d  t o  b e  s i m p l e  h a r m o n i c  
a n d  m a y  be d e s c r i b e d  by [ 2 9 ]
d2z 2
 y = - W  Z
dt2  3.6
i n t e g r a t i n g  t h i s  e q u a t i o n  w i t h  r e s p e c t  t o  t i m e  (t) 
l e a d s  t o  t h e  s o l u t i o n : -
z = r Sin(wt)m
------3.7
w h e r e : -
r ^  = m a x i m u m  d i s p l a c e m e n t  Cm) 
w = a n g u l a r  v e l o c i t y  
f = f r e q u e n c y  
t = t i m e
Z =  d i s p l a c e m e n t
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d. z •velocity (v) =  ^ = z = wr Cos(wt)
d2z 2
acceleration (a) = — y = z = - w r Sin (wt)
dt
T h e  m a x i m u m  a c c e l e r a t i o n  o c c u r s  w h e n : -
Sin(wt) = ±1
a n d  p e a k  to p e a k  d i s p l a c e m e n t  is g i v e n  b y
A = 2 rm
T h e r e f o r e  t h e  m a x i m u m  a c c e l e r a t i o n  (a )m a x
,w2 A A 0 2 r 2 A ±— o—  = ± 2tt £ A
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a n d  t h e  m a x i m u m  p e a k  f o r c e  (F) =
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± 2tt2 f2 A m
w h e r e : -
m = m a s s  of p a r t i c l e  (Kg)
3 . 2 . 2  S i m p l e  h a r m o n i c  m o t i o n  in s t r i n g s  [ 2 9 2
C o n s i d e r i n g  a s t r i n g  of l e n g t h  I a n d  m a s s  p e r  u n i t  
l e n g t h  m , in w h i c h  a t e n s i o n  T is a p p l i e d  w h e n  at r e s t ,  it 
c a n  be  s h o w n  t h a t ,  f o r  s m a l l  d i s p l a c e m e n t s ,  t h e  e n v e l o p e  
s h a p e  is s i n u s o i d a l  a n d  t h a t  e a c h  e l e m e n t  of  s t r i n g  
p e r f o r m s  s i m p l e  h a r m o n i c  m o t i o n .  ( F i g u r e s  3 . 3  & 3 . 4 )
If t h e  i n i t i a l  d i s p l a c e m e n t  at p o i n t  P is Z q a n d  
t h e  f o r m  of t h e  i n i t i a l  d e f o r m a t i o n  be e x p r e s s e d  b y :-
z = f(x) o v J
W i t h  t h e  b o u n d a r y  c o n d i t i o n s : -
fCo) = f(d) = 0
If t h e  r a d i u s  of c u r v a t u r e  at p o i n t  P i s  r t h e n  t h e  
e l e m e n t  A I of t h e  s t r i n g  e x p e r i e n c e s  a f o r c e  e q u a l  t o  
T Al / r .
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F ° r Zq < <  L t h e  a c c e l e r a t i o n  of e l e m e n t  A I is 
g i v e n  by :-
TA£ Ti-A1 A  jl m Ao = — -—
• M„ rr
■3.15
w h i c h  is d i r e c t e d  t o w a r d s  t h e  x a x i s .  A f u n c t i o n  f ( x )  
is r e q u i r e d  t h e r e f o r e  s u c h  t h a t : -
a« zo
a nd : -
a = yz = T7— —^   3 .1 6
0 £ r
w h e r e : -
y = c o n s t a n t
T h e  r a d i u s  of c u r v a t u r e  of t h e  s t r i n g  at p o i n t  P is 
g i v e n  by t h e  e q u a t i o n  of a c i r c l e  w i t h  c e n t r e  ( a , b ) .
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(x - a)2 + (zQ - b ) 2 = r 2
3 . 1 7
T h e  r a t e  of c h a n g e  in t h e  s l o p e  of t h e  s t r i n g  at t h i s  
p o i n t  m a y  be f o u n d  as f o l l o w s : -
z q = (r2 - (x-a)2) 2+b  3.18
------- 3.19
d z i-\ ■? _ i
= -(x-a) (r - (x-a) ) ~ 2
q 2 2  3.20
7 1  = ‘ ( r 2 - ( x - a ) 2 )”1
F o r  s m a l l  d i s p l a c e m e n t  a n d  at x c o - o r d i n a t e  x = a a n d  
a s s u m i n g  t h e  r a d i u s  t o  be n o r m a l  to  t h e  x a x i s : -
2 _
iL_| = - I   3 . 2 1
tlx
Therefore: -
_T
M
i2d z
yz
l  d x ‘
■3.22
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On  t r i a l  a f u n c t i o n  of t h e  f o r m : -
36
z = A .Sin ( o v T x + 6) ------ 3 . 2 3
is a s o l u t i o n  to t h i s  e q u a t i o n  w h a t e v e r  t h e  v a l u e s  of 
A a n d  6 . H o w e v e r  e a c h  e n d  of  t h e  s t r i n g  i m p o s e s  t h e
r e s t r i c t i o n s  t h a t  w h e n  x= 0 t h e n  Z q = 0 a n d  w h e n  x = 
l , Z n = 0 a n d  t h i s  c a n  o n l y  be m e t  w h e n : -U
6 = o  and V
\| T £ = niT 3 . 2 4
w h e r e  n is an i n t e g e r
T h e r e f o r e :
2 2 m n it T y = — 2
£  3.25
H e n c e : -
z = A  S i n  2 H   3 . 2 6
o £
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as b e f o r e  f o r  s i m p l e  h a r m o n i c  m o t i o n
3 7
d ^ z  2 .— j = - w  z  3 . 6
dt
f o r  i n i t i a l  d e f o r m a t i o n  at p o i n t  P ( i . e .  f o r  i n i t i a l
c o n d i t i o n s  t = 0 , Z = Z ^  )
z = z C o s ( w t )
0  3 . 2 7
T h e  f u l l  e q u a t i o n  f o r  a s t r e t c h e d  s t r i n g  is 
t h e r e f o r e : -
a o *  ^n TT -v s-\ f IT 7Tz = A  S i n  (— jj— ) C o s  (-J- TM t) ■3 .2 8£
T h e  r e s o n a n t ,  f u n d a m e n t a l  f r e q u e n c y  of v i b r a t i o n  is 
g i v e n  b y -
f = 2 £ M« 3 . 5
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F i g u r e  3 . 5
A 1
x
X = 1
F i g u r e  5 . 4
A 1
(a ,b)
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3 . 2 . 3  S i m p l e  h a r m o n i c  m o t i o n  in s t r e t c h e d  m e m b r a n e  s C 2 9 3  .
T h e  c u r v a t u r e  of an a r b i t o r y  p o i n t  o n  a c u r v e d  s u r f a c e  
m a y  be d e f i n e d  in t w o  p r i n c i p l e  a x e s .  T h e  r a d i i  of t h e s e  
c i r c l e s  of c u r v a t u r e  m a y  b o t h  lie on t h e  s a m e  s i d e  of t h e  
x, y p l a n e  ( s y n c l a s t i c )  o r  on o p p o s i t e  s i d e s  ( a n t i c l a s t i c ) .  
T h e  m e a n  c u r v a t u r e  m a y  be s h o w n  to be  t h e  s u m  of t h e  
c u r v a t u r e  on p e r p e n d i c u l a r  n o r m a l  s e c t i o n s « . F i g u r e s 3 . 5 &  3 . 1 1 .
It m a y  be s h o w n  (129,p a g e  2 9 4 3  in a s i m i l a r  m a n n e r  to  
v i b r a t i o n s  in s t r i n g s  ( e q u a t i o n  3 . 1 6 ) ,  t h a t : -
a
3 . 2 9
w h e r e  r^ a n d  r^ a r e  t h e  r a d i i  of c u r v a t u r e  of
p e r p e n d i c u l a r  a x e s  a n d  M a m a s s  p e r  u n i t  a r e a  of
m e m b r a n e .
a l s o  t h a t  ( e q u a t i o n  3 . 2 1 ) : -
2 2 3x 9y
3 . 3 0
H e n c e : -
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32z T 
3t2 " Ma
2 2
a z , a z
2 2 
3 x  8 y
= -yz
•3.31
F o r  b o u n d a r y  c o n d i t i o n s :  Z = 0  w h e n  x a n d  y = 0 ,  x = a a n d
y = b.
a s o l u t i o n  of  t h e  f o r m : -
Z - A Sin (K^) . Sin ( ^ ) 3 . 3 2
s a t i s f i e s  t h e  b o u n d a r y  c o n d i t i o n s  p r o v i d e d  t h a t : -
yM
T
a 2
—  = TT
2 2 
k  ,
“2 + 72a b
■3.33
w h e r e  k a n d  I a r e  p o s i t i v e  i n t e g e r s
Th e r e f o  r e :-
f 2 - - i
4M
ii + ii
a2 b2
•3.34
W h e r e : -
C h a p t e r  3
T = t e n s i o n  C N / m )
. M g = m a s s p e r  u n i t  a r e a  ( k g / m " )
k = n u m b e r  of h a l f  w a v e l e n g t h s  in x d i r e c t i o n  (-)
l = n u m b e r  of h a l f  w a v e l e n g t h s  in y d i r e c t i o n  (-)
It c a n  be s e e n  t h a t  s u c h  a s o l u t i o n  r e s u l t s  in k-1 
n o d a l  l i n e s  in t h e  x d i r e c t i o n  a n d  1-1 n o d a l  l i n e s  in t h e  y 
d i r e c t i o n ,  t h u s  d i v i d i n g  t h e  m e m b r a n e  i n t o  k t i m e s  I e q u a l  
r e c t a n g u l a r  s e c t i o n s .  F i g u r e s  3 . 6  to 3 . 1 0  s h o w  c o m p u t e r  
p l o t t e d  d i a g r a m s  of s u c h  v i b r a t i o n  m o d e s .  T h i s  is n o t ,
h o w e v e r ,  t h e  o n l y  s o l u t i o n  a n d  it is p o s s i b l e  t o  s h o w  
C 2 9 , p a g e  2 9 6 D t h a t  u n d e r  c e r t a i n  c o n d i t i o n s  t h e
d i s p l a c e m e n t  p r o f i l e  of a m e m b r a n e  is n o t  of u n i q u e l y
d e t e r m i n e d  f o r m .  S o m e  s i m p l e  s y s t e m s  o b t a i n  o t h e r  u n i q u e
s o l u t i o n s  s u c h  as a s q u a r e  m e m b r a n e  w h i c h  m a y  h a v e  a
d i a g o n a l  n o d e .
C h a p t e r  3
Figure 3.5
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7u
F igu re 3.11
Z
Figure 3.6 Theoretical displacement profile
Figure 3.7 Theoretical displacement, profile.
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K = 1  L = 2
figure 3.8 Tlieoret i c;i 1 clisp 1 aconion{ profile
Figure 3.9 Theoretical displacement profile.
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Figure 3.10 Theoretical displacement profil
3 . 2 . 4  D a m p i n g  in s q u a r e  m e m b r a n e s
F o r  v i b r a t i o n  in t h e  f u n d a m e n t a l  m o d e  t h e  m o t i o n  of
a n y  p o i n t  on  t h e  s u r f a c e  m a y  be d e s c r i b e d  by  [ 2 9 , p a g e s  35
a n d  3 0 0 ]  :-
z = A Sin (-^P) Sin (^p) Cos (-pp)
------3.35
w h e r e : -
A = m a x i m u m  a m p l i t u d e  at p o i n t  P (m) 
x = p o s i t i o n  in t h e  x d i r e c t i o n  (m) 
y = p o s i t i o n  in t h e  y d i r e c t i o n  Cm)
A = w a v e l e n g t h  Cm) 
t = t i m e ( s )
Y = p e r i o d i c  t i m e  of v i b r a t i o n  (s)
f =_1_ =f r e q u e n c y  of v i b r a t i o n  (Hz)
Y
p r o v i d e d  t h e  d i s p l a c e m e n t  is s m a l l  a n d  t h a t  t h e  d a m p i n g  ef 
f e e t  is s m a l l .
In t h i s  c a s e  : - 
a = b  = j
V i b r a t i o n  e n e r g y  m a y  be c a l c u a t e d  as f o l l o w s : -
Jl. . i =■ - Sin (2*x} s i n ( ^ )  Sin
dt y  X A Y
------ 3.36
T h e  k i n e t i c  e n e r g y  of t h e  e l e m e n t  d x . d y  is d e s c r i b e d  b y : -
E n  4  M  z 2 d x  d y   3 . 3 72 a /
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w h e r e :
m a = m a s s  p e r  u n i t  a r e a  ( k g / m  ) 
E n = k i n e t i c  e n e r g y  of e l e m e n t  n. (J) 
T h e r e f o r e : -
2.2r iMa4Tr A c. 2 r2irx. c. 2 .2Try. c. 2 r27rt. , A r
En = I -- Sin ( ~ Y ~) Sin ) Sin C—^— ) dxX yy  3 . 3 8
T h e  k i n e t i c  e n e r g y  o v e r  t h e  w h o l e  s u r f a c e  is t h e r e f o r e : -
j M a 4 A i  S i n 2 ( 2 ^ t }
y
y
A  A
2 (2
sin2 (2M )  Sin2 ( ^ )  dx dy
y = o  x = o
•3.3 9
rxa
Sin2 (AM) dx
x=o ■ 3.40
Si mi I a r I y : -
2
Sin2 (^X) dy = A
y = o  
T h e r e f o r e : -
v _ 1Ma4-rr2A 2 
T 1 2
y
f ^x
4 
I )
c . 2 f 2irt. 
S i n  (— )
3 . 4 1
3 . 4 2
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At t h e  i n s t a n t  in t h e  c y c l e  w h e n  t h e  d i s p l a c e m e n t  is z e r o  
at a l l  p o i n t s  o n  t h e  m e m b r a n e ,  t h e n  a l l  t h e  
e n e r g y  is k i n e t i c .  T h i s  o c c u r s  w h e n : -
T h e r e f o r e  t h e  t o t a l  e n e r g y  of v i b r a t i o n  of t h e  w h o l e  m e m b r  
a n e  is g i v e n  b y : -
2 2 2 2 
1 Man A A f
8
- - - - - - 3 . A 3
C o n s i d e r i n g  t h e  s i t u a t i o n  in w h i c h  t h e  m o t i o n  of e a c h  
e l e m e n t  of t h e  m e m b r a n e  t h r o u g h  a v i s c o u s  m e d i u m  is
r e s i s t e d  by a v i s c o u s  f o r c e  R w h i c h  is p r o p o r t i o n a l  t o
m e m b r a n e  v e l o c i t y  , it is p o s s i b l e  to  e s t i m a t e  t h e  e n e r g y
l o s s  d u e  to v i s c o u s  d r a g  e f f e c t s  c a u s e d  by  t h e  m o v e m e n t  of
t h e  e l e m e n t  t h r o u g h  t h e  v i s c o u s  m e d i u m .
H e n c e : -
R = -kz  3.44
W h e r e : -
2R = vi s c o u s  f o r c e  p e r  u n i t  a r e a  (N / m )
k = c o n s t a n t
«
Z = v e l o c i t y =  ( m / s )
T h e r e f o r e  t h e  w o r k  d o n e  a g a i n s t  v i s c o u s  f o r c e s  m a y  b e  c a l c  
u l a t e d  f r o m : -
2 2 2 
1 Man A A
E = 8  2---
Y
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W =' kz . dx . dy . z
• dl V _ i • , dz
• a t  -  k z - d x - d y -  i t
and:
■3 . 45
—  = kz^ . dx.dy.
d t   3 . 4 6
T h e r e f o r e  t h e  t o t a l  e x p e n d i t u r e  of e n e r g y  o v e r  an  e l e m e n t  
in o n e  c o m p  I et e 
v i b r a t i o n  p e r i o d : -
2 2'n = k47T A c- 2 ,2ttx. c . 2 ,27ry. , , 7  Sin (— ) Sin ) dx.dy.
Y
X
Y
Sin2
t = 0
_ 2k7r A 2 ,2ttx^ 0 . 2 ,2Try\
 y  Sin C— ) S m  ( y ) • dx.dy.
------ 3 . 4 7
T h e r e f o r e  t h e  e x p e n d i t u r e  of e n e r g y  o v e r  t h e  w h o l e  m e m b r a n e  
is g i v e n  b y : -
{ 2
£ =
2 2 
2tt A k
Y
c . 2.2ttx. S m  (— ) Sin2 (-24 i) .dx.dy
x=o y=o
A g a i n  u s i n g  e q u a t i o n s  3 . 4 0  a n d  3 . 4 1  
T h e r e f o r e  : -
•3 .4 8
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e =
2 2 
2 t t  A k
Y
1 2*2, ,
-oTT A k X  f
■3.49
U s i n g  t h e  r e l a t i o n s h i p : -
2 2a = 2 7T £ A max
Where:-
a = a c c e l e r a t i o n  at p o i n t  P max K
T h e r e f o r e : -
■3.12
£ = max 
2t t2 A
£ =
1 2 .2, 2 
tt A kX max 
2w2 A
- 1 2,, 2- 7T TT kX max
2 7T'
1 3
2 A 2
------- 3.50
H e n c e  f o r  c o n s t a n t  w a v e l e n g t h  a n d  c o n s t a n t  m a x i m u m  a c c e l e r  
a t i o n : -
e °c A 2 3. 51
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Si mi I a r I y : -
A = a2 2 2 71 £
a n d  t h e r e f o r e :
r~ 3 e « f
■3.52
H e n c e  it c a n  be s e e n  t h a t  u n d e r  c o n s t a n t  p e a k  
a c c e l e r a t i o n  c o n d i t i o n s  , a n d  v i b r a t i o n s  in t h e  f u n d a m e n t a l  
m o d e ,  t h e  e n e r g y  l o s s  d u e  to v i s c o u s  d r a g  i n c r e a s e s  to  t h e  
p o w e r  of 1 . 5  w i t h  a m p l i t u d e ,  a n d  - 3  w i t h  f r e q u e n c y . T h i s  
m e a n s  t h a t  l a r g e  a m p l i t u d e s  i n c r e a s e  d a m p i n g  t o  a s m a l l  
e x t e n t  b u t  h i g h  f r e q u e n c i e s  r e d u c e  d a m p i n g  t o  a l a r g e  
e x t e n t .  F o r  v i b r a t i o n s  in m e m b r a n e s  t h e  f r e q u e n c y  of 
v i b r a t i o n  m a y  be d e s c r i b e d  by e q u a t i o n  3 . 3 4  : -
f =
\
T h e r e f o r e  to i n c r e a s e  t h e  f u n d a m e n t a l  f r e q u e n c y  it is 
n e c e s s a r y  to e i t h e r  i n c r e a s e  m e m b r a n e  t e n s i o n ,  d e c r e a s e  
m e m b r a n e  m a s s  p e r  u n i t  a r e a  or d e c r e a s e  m e m b r a n e  
d i m e n s i o n s .  T h e  f r e q u e n c y  of r e s o n a n t  v i b r a t i o n  m a y  a l s o  
b e  i n c r e a s e d  by  i n d u c i n g  f i l t e r  v i b r a t i o n s  at h a r m o n i c
T
4Ma
•3.34
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f r e q u e n c i e s  by p r o d u c i n g  a w a v e f o r m  w h i c h  a l l o w s  an 
i n t e g r a l  n u m b e r  of h a l f  w a v e l e n g t h s  t o  be  i n d u c e d  w i t h i n  
t h e . m e m b r a n e  d i m e n s i o n s .  U n l i k e  t h e  a n a l y s i s  of  v i b r a t i n g  
s t r i n g s  w h i c h  s i m p l y  t a k e s  e a c h  h a l f  w a v e l e n g t h  as 
v i b r a t i n g  in it s f u n d a m e n t a l  m o d e ,  t h e  a n a l y s i s  in t w o  
d i m e n s i o n s  b e c o m e s  m o r e  c o m p l i c a t e d .
T h e  d a m p i n g  of v i b r a t i n g  m e m b r a n e s  is a l s o  e f f e c t e d  by 
n o n - e l a s t i c  d e f o r m a t i o n  of t h e  f i l t e r / c a k e  s t r u c t u r e  as
w e l l  as by  v i s c o u s  f o r c e s  d u e  to a i r  d a m p i n g .  T h i s  h o w e v e r  
i n v o l v e s  c o m p l e x  m a t h e m a t i c s  a n d  a d d s  t i t t l e  t o  t h e
g e n e r a l i s e d  d i s c u s s i o n  p r e s e n t e d  h e r e ,  a n d  w i l l  n o t  b e  d e a l t  
w i t h .
3 . 3  F i l t r a t i o n  t h e o r y
T h e o r i e s  w h i c h  p r e d i c t  e i t h e r  t h e  p r e s s u r e  d r o p  o r  
p r e s s u r e  d r o p  vs t i m e  p r o f i l e s  of  e i t h e r  a c a k e  o r  f i l t r a t i o n  
p r o c e s s  a r e  n u m e r o u s .  T h e y  a r e  h o w e v e r  c o m p l e x  a n d  d i f f i c u l t  
t o  u s e  C 2 , 3 0 ] . D e n n i s  [ 3 0 ]  et al s u g g e s t  t h a t  w h e n e v e r
p o s s i b l e  t h e  s p e c i f i c  c a k e  r e s i s t a n c e  s h o u l d  b e  d e t e r m i n e d
e x p e r i m e n t a l l y .  T h e  C a r m a n - K o z e n y  [ 3 1 ]  e q u a t i o n  m a y  b e  u s e d  
t o  p r e d i c t  t h e  s p e c i f i c  r e s i s t a n c e  b u t  t h e  u s e  of  p a r a m e t e r s
s u c h  as p o r o s i t y ,  s p e c i f i c  s u r f a c e  a r e a  a n d  p a r t i c l e  d e n s i t y  
m a k e  s u c h  a d e t e r m i n a t i o n  i m p r a c t i c a l  f o r  a l l  b u t  t h e  m o s t
i d e a l  s i t u a t i o n .
R o t h w e l l  [ 3 2 ]  i n d i c a t e s  t h a t  a l t h o u g h  t h e  c o m p l e x  
t h e o r i e s  a s s o c i a t e d  w i t h  f i b r o u s  f i l t r a t i o n  m o d e l s  a r e  
i m p o r t a n t  d u r i n g  t h e  i n i t i a l  p h a s e  of f a b r i c  f i l t r a t i o n ,  t h e y
56
c a n n o t  be s u c c e s s f u l l y  a p p l i e d  w h e n  l a r g e  r e s i d u a l  p a r t i c l e  
d e p o s i t s  a r e  p r e s e n t .
C o a c k l e y 1 s [ 3 3 1  m o d i f i c a t i o n  of C a r m a n ' s  [ 3 1 ]  e q u a t i o n  
m a y  be w r i t t e n  in t h e  f o r m : -
dV = APA2
dt y ( y  c d v +r c a )
------ 3 . 5 3
Where:-
V = vo  l u m e  of f l u i d  (m^) 
t = t i m e ( s )
Ap = p r e s s u r e  d i f f e r e n c e  C k P a )
2
A = fi I t e r  a r e a  Cm )
P = v i s c o s i t y  of f l u i d  ( P a . s )
2 2
r " ^ = s p e c i f i c  c a k e  r e s i s t a n c e ( P a / ( m / s . k g / m  . N s / m  ))
C ^ = d u s t  c o n c e n t r a t i o n  ( k g / m ^ )
2
R = r e s i  s t a n c e  of c l o t h  (Pa / ( m / s . N s / m  ))c
O f t e n  t h e  s p e c i f i c  c a k e  r e s i s t a n c e  is d e f i n e d  w i t h o u t  t h e  
i n c l u s i o n  of a v i s c o s i t y  t e r m  [ 2 0 , 3 0 , 3 4 , 3 5 , 3 6 1  .
P i c k  C21 c o m p a r e s  f i l t r a t i o n  t h e o r y  w i t h  O h m ' s  l a w  a n d  
M o r r i s  [ 3 5 1  s u g g e s t s  t h a t  a c o r r e s p o n d i n g  s p e c i f i c  c l o t h  
r e s i s t a n c e  s h o u l d  be u s e d  to r a t i o n a l i s e  t h e  u n i t s  of c a k e  a n d  
c l o t h  r e s i s t a n c e .  T e b b u t  [ 3 6 1  g i v e s  t h e  u n i t s  of s p e c i f i c  
r e s i s t a n c e  as m / k g .
H e n c e : -
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dV APA2
dt ! n ,, , ' ,,
G V + r~ M, I d  2 ;
W h e r e : -
m ^ m a s s  of c l o t h  (kg)
2
r ' ^ = s p e c i f i c  c a k e  r e s i s t a n c e  ( P a / ( m / s . k g / m  ) )
p
r !2 = s p e c i f i c  c l o t h  r e s i s t a n c e  (Pa / C m / s .  k g / m  ) ) .= R P A
T h e r e f o r e  f o r  c o n s t a n t  r a t e  f i l t r a t i o n  H 3 7 □ : — m 2 
V APA2
1 r,' C V + r7' M,
I D  2 2
T h e r e f o r e : -
? r ?! M ?v
AP . r • CdV t +
■3.54
•3.55
W h e r e : -
v = s u p e r f i c i a l  f i l t r a t i o n  v e l o c i t y  ( m / s )
F i g u r e  3 . 1 2  ( e x p e r i m e n t a l  d a t a )  s h o w s  t h a t  in t h e  r a n g e  
of i n t e r e s t  t h e  p r e s s u r e  d i f f e r e n c e  of an e x i s t i n g  c a k e  v a r i e s  
a p p r o x i m a t e l y  l i n e a r l y  w i t h  v e l o c i t y .  T h i s  s h o w s  t h a t  t h e  
e x i s t i n g  c a k e  d o e s  n o t  s i g n i f i c a n t l y  c h a n g e  in s t r u c t u r e  d u e  
to i n c r e a s i n g  t h e  s u p e r f i c i a l  g a s  v e l o c i t y ,  a n d
t h e r e f o r e  o b e y s  D a r c y ' s  e q u a t i o n  f o r  f l o w  t h r o u g h  g r a n u l a r
p a c k e d  b e d s .  T h i s  is t h e  b a s i s  of t h e  C a r m a n  e q u a t i o n  a n d  
h e n c e  t h e  s p e c i f i c  c a k e  r e s i s t a n c e  m a y  be  c a l c u l a t e d  f r o m :-
C h a p t e r  3
P r o v i d e d  t h e  p r e s s u r e  d r o p  d u e  to  t h e  p r e s e n c e  o f  a 
f i l t e r  m e d i u m  is n e g l i g i b l e  c o m p a r e d  w i t h  t h e  c a k e  p r e s s u r e  
d r o p  t h i s  m a y  be a p p r o x i m a t e d  b y : -
AP
T O T
MV  T
S i n c e  t h e  s l o p e  ( &P .  ^,/v) of f i g u r e  3 . 1 2  is c o n s t a n tt o t
a n d  m a s s  p e r  u n i t  a r e a  ( M / A )  is c o n s t a n t  it is c l e a r  t h a t  t h e  
s p e c i f i c  c a k e  r e s i s t a n c e  m u s t  b e  a p p r o x i m a t e l y  c o n s t a n t ,  
p r o v i d e d  t h a t  t h e  c a k e  m a y  be  r e g a r d e d  as i n c o m p r e s s i b l e .  
W i l l i s  £ 3 8 3  et al s u g g e s t  t h a t  i n c o m p r e s s i b l e  c a k e s  a r e  r a r e  
o r  m a y  n o t  e x i s t  at a l l  w h i l s t  D o r m a n  C2 p 3 9 2 3  s t a t e s  t h a t  f e w  
c a k e s  a r e  t o t a l l y  i n c o m p r e s s i b l e .  W a k e m a n  C 3 9 3  i n d i c a t e s  t h a t  
c o m p r e s s a b i l i t y  m a y  be d u e  to e i t h e r  p a r t i c l e  d e f o r m a t i o n  or  
c o n s o l i d a t i o n .
It is n o t  r e a s o n a b l e  to a c c e p t  t h a t  f u s e d  p a r t i c l e s ,  s u c h  
as f l y  a s h ,  a r e  c a p a b l e  of d e f o r m a t i o n  by t h e  l o w  s t r e s s e s  
g e n e r a t e d  d u r i n g  t h e  f i l t r a t i o n  p r o c e s s .  S u c h  s t r e s s e s  a r e  
i n d u c e d  by t h e  d r a g  d u e  to a i r  f l o w  on  e a c h  p a r t i c l e  a n d  o n  
e a c h  p a r t i c l e  a b o v e  it in t h e  b e d ,  t o g e t h e r  w i t h  s o m e  e f f e c t  
d u e  to i m p a c t i o n  c a u s e d  by t h e  a p p r o a c h  v e l o c i t y  of  d e p o s i t i n g  
p a r t i c l e s .  B o t h  f a c t o r s  a r e  d e p e n d e n t  u p o n  t h e  f i l t r a t i o n  
velocity.
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F i g u r e  7 . 3 2  ( s e c t i o n  7 . 6 )  shows t h a t  t h e r e  i s  a
s i g n i f i c a n t  i n c r e a s e  in s p e c i f i c  c a k e  r e s i s t a n c e  w h e n  at h i g h  
a i r  v e l . o c i t i e s  ( a r o u n d  4 c m / s  ( 7 . 9 f t / m i n ) )  t h o u g h  t h i s  is n o t  
as g r e a t  as t h a t  s u g g e s t e d  by  D e n n i s  C 3 03 e t . a l  in t h e  
e q u a t i o n : -
r r 1
_ 2
T 1
v2
v l
2
------ 3 . 5 7
F r o m  t h e  f o r e g o i n g  d i s c u s s i o n  it m a y  b e  a s s u m e d  t h a t  at 
h i g h  f i l t r a t i o n  v e l o c i t i e s  t h e  o r i e n t a t i o n  w h i c h  s o m e  
p a r t i c l e s  a s s u m e  on d e p o s i t i o n  in t h e  c a k e  is d i f f e r e n t  f r o m  
t h a t  w h e n  d e p o s i t i o n  o c c u r s  at low f i l t r a t i o n  v e l o c i t i e s .  
O n c e  d e p o s i t e d  h o w e v e r ,  s i g n i f i c a n t  r e - o r i e n t a t i o n  is n o t  
l i k e l y  to o c c u r .
F o r  a c a k e  d e p o s i t e d  at a c o n s t a n t  f i l t r a t i o n  r a t e  i . e .  
at c o n s t a n t  s u p e r f i c i a l  g a s  v e l o c i t y  a n d  c o n s t a n t  d u s t  
c o n c e n t r a t i o n ,  t h e n  t h e  s p e c i f i c  c a k e  r e s i s t a n c e  m a y  be  
d e t e r m i n e d  f r o m  t h e  t o t a l  p r e s s u r e  d r o p / t i m e  c u r v e .  E q u a t i o n  
3 . 5 5  a s s u m e d  t h i s  c u r v e  to  be l i n e a r  w i t h  i n t e r c e p t  (c) 
d e f i n e d  a s : -
r r2 M 2 V  
L A
t 2gradient (s) = CD v
f r o m  w h i c h  t h e  s p e c i f i c  c a k e  r e s i s t a n c e  ( r 1  ^ ) i s : -
■3 .5 8
■3 .5 9
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T h e  v a l u e  of d u s t  c o n c e n t r a t i o n  C D m a y  b e  v a r i a b l e  a n d  is 
b e s t  r e l a t e d
to  a c t u a l  d u s t  m a s s  (m) d e p o s i t e d  on  t h e  c l o t h  in t i m e  t :-
3 . 6 1
T h e r e f o r e :-
S t A S tr1 mv m v 3 . 6 2ca.
where:-
m ■ = M a s s  p e r  u n i t  a r e a  of c a k e ,  c a
F i g u r e  3 . 1 3  ( e x p e r i m e n t a l  d a t a )  s h o w s  t h e  p r e s s u r e  
d r o p / t i m e  r e l a t i o n s h i p  f o r  t h r e e  n e w  f i l t e r  c l o t h s  a n d  o n e  
u s e d  f i l t e r  c l o t h .  F o r  a p e r f e c t l y  u n i f o r m  f i l t e r  m e d i u m ,
w i t h  a p e r t u r e s  l e s s  t h a n  t h e  d i a m e t e r  of t h e  p a r t i c l e s  t o  be  
f i l t e r e d ,  t h e  f i l t r a t i o n  p r o f i l e  s h o u l d  a p p r o x i m a t e  t o  a 
s t r a i g h t  l i n e .  F o r  v e r y  o p e n  s t r u c t u r e s  s u c h  as l i g h t w e i g h t  
f i l t e r  p a p e r s  a s i g n i f i c a n t  a m o u n t  of d u s t  m a y  e i t h e r  b e
c o l l e c t e d  on t h e  s u r f a c e  or  p a s s  t h r o u g h  t h e  f i l t e r  b e f o r e  an
a p p r e c i a b l e  p r e s s u r e  d r o p  is d e v e l o p e d .  S u c h  f i l t e r s  r e l y  o n
p a r t i c l e s  g r a d u a l l y  b l o c k i n g  u p  t h e  o p e n  s t r u c t u r e  b y  
d e n d r i t i c  f o r m a t i o n  or  by t h e  s i m u l t a n e o u s  a p p r o a c h  o f  o n e  or  
m o r e  p a r t i c l e s  t o  a p o r e  b e f o r e  c a k e  f i l t r a t i o n  d e v e l o p s .  F o r
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m a t e r i a l s  w i t h  f i n e r  p o r e s ,  t h e  f i l t r a t i o n  p r o c e s  is o n e  
s i m i l a r  t o  s i e v i n g ,  w h e r e  o n l y  t h e  f i n e s t  s i z e  g r a d e  of t h e  
i n i t i a l *  c a k e  f o r m i n g  p a r t i c l e s  p e n e t r a t e  t h e  s u r f a c e  s t r u c t u r e  
o f  t h e  f i l t e r  m e d i u m .  A n y  p i n - h o l e s  or i r r e g u  I a r i t i e s  in 
p e r m e a b i l i t y  d u e  to  u n e v e n e s s  in m a n u f a c t u r e ,  h o w e v e r ,  p r o d u c e  
l o c a l i s e d  h i g h  f l o w  r a t e s  a n d  t h e  o b s e r v e d  i n i t i a l  r a p i d  
i n c r e a s e  in p r e s s u r e  d r o p .  T h i s  e f f e c t  is m u c h  m o r e  
p r o n o u n c e d  in f i l t e r s  w h i c h  h a v e  b e e n  c l e a n e d ,  d u e  t o  t h e  
p r e s e n c e  of a r e a s  of f u l l y  c l e a n e d  c l o t h  a n d  t o t a l l y  u n c l e a n e d  
c l o t h .  In t h i s  c a s e  t h e  i n i t i a l  b u i l d - u p  of f i l t e r  p r e s s u r e  
d r o p  is r a p i d  a n d  t h e  d e v e l o p m e n t  of u n i f o r m  c a k e  f i l t r a t i o n  
is r e l a t i v e l y  s l o w ,  a n d  is a p p r o a c h e d  a s s y m t o t i c a l l y .
It is i m p o r t a n t ,  t h e r e f o r e ,  to u s e  f r e s h  f i l t e r  m e d i u m  
w i t h  a p o r e  s i z e  s m a l l e r  t h a n  t h e  d i a m e t e r  o f  t h e  p a r t i c l e s  
u n d e r  s t u d y ,  a n d  l o n g  f i l t r a t i o n  t i m e s ,  if a c c u r a t e  v a l u e s  f o r  
s p e c i f i c  c a k e  r e s i s t a n c e  a r e  to be d e t e r m i n e d  f r o m  p r e s s u r e  
d r o p / t i m e  c u r v e s .
C h a p t e r  3
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Figure 3. 12 The effect of filtration velocity on
the pressure drop due to a fixed cake.
1 .
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Figure 3.13 Pressure drop/time profiles for various
new filter cloths
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3 . 4  P a r a l l e l  r e s i s t a n c e  t h e o r y  a n d  c o m p u t e r  s i m u l a t i o n .
Th.e b a s i c  f i l t r a t i o n  e q u a t i o n s  m a y  be d e r i v e d  u s i n g  an 
e l e c t r i c a l  a n a l o g y .  F o r  t h e  f l o w  of e l e c t r i c i t y  t h r o u g h  a 
f i x e d  r e s i s t a n c e : -
VoltaqeCurrent = ------- a— ;----
Total resistance
I = JL
Rr  3.63
f o r  r e s i s t a n c e s  R ^  a n d  R ^  in s e r i e s  : -
Rp +R2  3 . 64
a n d  f o r  r e s i s t a n c e s  in p a r a l l e l  : -
E
i = — r
JL + -L
R. R0
1 2  3 . 6 5
S i m i l a r l y  t h e  v o l u m e t r i c  f l o w  r a t e  of g a s  t h r o u g h  a f i l t e r  m a y  
be  d e s c r i b e d  
b y : -
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f1n w r a to = Pressure difference
Total Resistance to flow
Q = I?
- - - - - - 3. 6 6
W h e r e : -
S T = T o t a l  f i l t e r  d r a g  ( P a / ( m ^ / s ) )
so l o n g  as t h e  c a k e  d o e s  n o t  c h a n g e  d u e  t o  t h e  a p p l i e d  f l o w ,  
a n d  t h a t  f l u i d
v i s c o s i t y ,  r e l a t i v e  h u m i d i t y  a n d  t e m p e r a t u r e  a r e  c o n s t a n t .  
T h e r e f o r e  f o r  c a k e  r e s i s t a n c e s  in s e r i e s
Q = AP
S 1 + S 2
■ 3 . 6 7
a n d  f o r  r e s i s t a n c e s  in p a r a l l e l
AP
Q = l
-i- + -L 
S 1 s 2
•3.68
E l e c t r i c a l  r e s i s t i v i t y  is d e f i n e d  as
n • ,. .. resistance x cross sectional area
Resistivity = --------------rtn--- re------------
7 path length
In t h e  c a s e  of f i l t r a t i o n  t h e  u s e  of  p a t h  l e n g t h  is 
i n c o n v e n i e n t ,  e s p e c i a l l y  f o r  b o t h  v e r y  t h i n  c a k e s  a n d  d e f i n i n g  
t h e  r e s i s t a n c e  d u e  to f i l t r a t i o n  m e d i u m .  T h e  d e f i n i t i o n  of
C h a p t e r  3
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Specific cake resistance
resistance x cross-sectional area
S A cr =
Mass per unit area
2
c M
c  3 . 6 9
W h e r e  M c = c a k e  m a s s  (k g ) 
a n d  f o r  f i l t r a t i o n  m e d i u m  : -
?
S A 
r = mm Mm
•3.70
W h e r e  M = m  a s s of f i l t r a t i o n  m e d i u m  (kg) m
t h e r e f o r e  : -
M r 
o _ c c
C " A 2
a n d  : -
M r c m  m
“ A2
T h e  f i l t r a t i o n  e q u a t i o n  t h e n  b e c o m e s : -
AP
n dV M r  r M
Q  “ 3 t  “
A  A
•3.71
f o r  r e s i s t a n c e s  of  c a k e  a n d  m e d i u m  in s e r i e s
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T h e  m a s s  of c a k e  d e p o s i t e d  (M c ) is g i v e n  b y  : -
M = C V
C D
- - - - - - 3 . 7 2
W h e r e : -
C^ = d u s t  c o n c e n t r a t i o n  (kg/m"^)
V = t o t a L  v o l u m e  of g a s  (m^)
T h e r e f o r e : -
dV APA2
dt r C V + r M c d  m m
•3 .7 3
A flat- f i l t e r  m a y  be  c o n s i d e r e d  as a m a t r i x  of  s m a l l e r  
e l e m e n t s  of i n d i v i d u a l  f i l t e r s .  F i g u r e  3 . 1 4  s h o w s  a s c h e m a t i c  
r e p r e s e n t a t i o n  of s u c h  a f i l t e r  in w h i c h  a r e c t a n g u l a r  f i l t e r  
s u r f a c e  of d i m e n s i o n s  A x B  is d i v i d e d  i n t o  e l e m e n t s  e a c h  of  
d i m e n s i o n s  x^ by  >j. T h e  o v e r a l l  f i l t e r  c a k e  m a s s  a n d  p r e s s u r e  
d r o p  m a y  be  c a l c u l a t e d  by  t h e  c o m b i n a t i o n  of  t h e  c a k e  m a s s ,  
f i l t r a t i o n  v e l o c i t y  a n d  r e s i s t a n c e  of a l l  t h e  m a t r i x  e l e m e n t s .  
T h e  f i l t e r  m a y  be r e g a r d e d  as a m a t r i x  of  f i l t e r  r e s i s t a n c e s  
in p a r a l l e l ,  e a c h  e l e m e n t  c o n s i s t i n g  of a r e s i s t a n c e  d u e  t o  
t h e  c a k e  a n d  a r e s i s t a n c e  d u e  t o  t h e  f i l t e r  m e d i u m  w h i c h  
c o m b i n e  in s e r i e s .
F o r  e l e m e n t  ( I , J )
C h a p t e r  3
M (I,J)r M (I,J)r 68
S C I , J) = —  f ~
2
W h e r e  M = m a s s  of c a k e  p e r  u n i t  a r e a .  ( k g / m  ) c a
a n d  : -
M r  M r
S (I,J) = — = ma m
*" f -v 2 X , V,(xtyt) i7^m
2
W h e r e  M = m a s s  of c l o t h  p e r  u n i t  a r e a ,  ( k g / m  ) m a 3
T h e  t o t a l  r e s i s t a n c e  of e l e m e n t  ( I , J )  is t h e r e f o r e
M (I,J)r M r ca c ma m
x i > i  x i y i
T h e r e f o r e  t h e  t o t a l  f i l t e r  r e s i s t a n c e  is g i v e n  b y : -
ST 1 1 1
ST (1,1) + St (2,2) + St (3,3)
•3.74
•3.75
•3.76
•3.77
T h e  n u m b e r  of e l e m e n t s  ( I N )  in t h e  I d i r e c t i o n  is g i v e n  b y
C h a p t e r  3
69
IN = -4-
x i
-------------- 3 . 7 8
a n d  in t h e  J d i r e c t i o n  by :-
JN = yi
- ----- 3 . 7 9
H e n c e
S - _________ 1_________
T  V  l
S™ (I, J)
1 = 1,IN 1
J = 1 ’J N   3 . 8 0
F i l t e r  p r e s s u r e  d r o p  is t h e n  g i v e n  by  : -
AP = vAS^
W h e r e : -
v = s u p e r f i c i a l  f i l t r a t i o n - v e l o c i t y ,  ( m / s )  
T h e r e f o r e : -
APQ = vA =
rp
■3.81
 3 . 8 2
T h e  f i l t r a t i o n  v e l o c i t y  a n d  d e p o s i t i o n  o v e r  an  i n c r e m e n t a l  ti 
me  s t ep  i s
Cha t e r  3
t h e n  g i v e n  by
70
v(I,J) = (Sc(I,J) +
------ 3 . 8 3
a nd : -
t
M c a  = Z C D V  ( I ’J) h
o
- ----- 3 . 8 4
W h e r e : -
t . = i n c r e m e n t a l  t i m e  s t e p  (s)
T h e  t o t a l  t i m e  m a y  t h e n  be a d v a n c e d  by i n c r e m e n t  t . 
a n d  t o t a l  f i l t e r  r e s i s t a n c e  c a l c u l a t e d  a g a i n .  T h e  f i l t r a t i o n  
p r o f i l e  of a n e w  or p a r t i a l l y  c l e a n e d  c l o t h  m a y  t h e r e f o r e  be 
s i m u l a t e d .  E x t e n d i n g  t h i s  t h e o r y  t o  a n u m b e r  o f  f i l t e r
s e c t i o n s  a l l o w s  t h e  s i m u l a t i o n  of c o m p l e t e  f i l t e r s  a n d  t h e  
s t u d y  of t h e  e f f e c t  of d i f f e r e n t  c l e a n i n g  r e g i m e s .
T h e  c l e a n i n g  of e a c h  f i l t e r  s e c t i o n  is a l s o  s i m u l a t e d  b y  
c a l c u l a t i n g  t h e  c a k e  a r e a l  c l e a n i n g  f o r c e  o n  e a c h  e l e m e n t  o n  
t h e  f i l t e r  m e m b r a n e  s u r f a c e .  T h e  f o r c e  t h u s  c a l c u l a t e d  is 
c o m p a r e d  w i t h  t h e  m e a n  c a k e  a r e a l  c l e a n i n g  f o r c e  w h i c h  h a s  
b e e n  d e t e r m i n e d  e x p e r i m e n t a l l y .  An  i n d u c e d  f o r c e  in e x c e s s  of 
t h i s  m e a n  c a k e  a r e a l  c l e a n i n g  f o r c e  is a s s u m e d  t o  r e s u l t  in
t h e  r e m o v a l  of a f l a k e  of c a k e ,  w h i c h  r e s u l t s  in  a f r a c t i o n a l
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c a k e  r e m o v a l  w h i c h i s  a l s o  d e t e r m i n e d  e x p e r i m e n t a l l y .  T h e  
e l e m e n t  c a k e  a r e a l  c l e a n i n g  f o r c e  is b a s e d  o n  t h e  r e s o n a n t  
f r e q u e n c y  w h i c h  m a y  be p r e d i c t e d  by  e q u a t i o n  3 . 3 4 ,  a n d  o n  t h e  
f i l t e r  m e m b r a n e  d i s p l a c e m e n t  p r o f i l e  w h i c h  m a y  b e  p r e d i c t e d  b y  
e q u a t i o n  3 . 3 2 .  B y  a p p l y i n g  e q u a t i o n  3 . 1 3  t o  t h i s  c a s e  t h e  
a r e a l  c a k e  c l e a n i n g  f o r c e  m a y  t h u s  be  c a l c u l a t e d .
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3 . 5  S p a c e  u t i l i s a t i o n  t h e o r y .
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Th.e c o m p a c t n e s s  of f a b r i c  f i l t e r s  is an  i m p o r t a n t  f a c t o r
d r o p  in a f a b r i c  f i l t e r  it is n e c e s s a r y  t o  e m p l o y  a l a r g e  
f i l t r a t i o n  s u r f a c e  a r e a ,  w h i c h  o f t e n  in p r a c t i c e  i n v o l v e s  t h e  
u s e  of v e r y  l a r g e  u n i t s .  S w i f t  C 4 0 D  i n d i c a t e s  t h a t  f l a t  
e l e m e n t  f i l t e r s  a r e  m o r e  c o m p a c t  t h a n  t u b u l a r  b a g  f i l t e r s .  
W h e n  f l a t ,  i n c l i n e d  f i l t e r s  a r e  u s e d  t h e  c o m p a r i s o n  is n o t  so 
e a s i l y  d e f i n e d .  T h e  c o m p a c t n e s s  o r  s p a c e  u t i l i s a t i o n  o f  a 
f l a t ,  i n c l i n e d  f i l t e r  m a y  be  c o m p a r e d  w i t h  t h a t  of t u b u l a r  b a g  
f i l t e r s  by  t h e  u s e  of v o l u m e  e f f i c i e n c y  as s h o w n  b e l o w .
So  t h a t  c o m p a r a b l e  c o n d i t i o n s  p r e v a i l  it m u s t  b e  a s s u m e d  
t h a t  t h e  s u p e r f i c i a l  v e l o c i t y  at t h e  o u t s i d e  of  t h e  f i l t e r  is 
t h e  s a m e  as t h a t  i n s i d e  t h e  f i l t e r .
A c o n v e n t i o n a l  b a g  h o u s e  m a y  b e  r e p r e s e n t e d  b y  a b o x  
c o n t a i n i n g  e q u a l l y  s p a c e d  b a g s  ( f i g u r e  3 . 1 5 ) .
T o t a l  c r o s s  s e c t i o n a l  a r e a  of b a g  h o u s e  = A , B ,
in t h e i r  d e s i g n .  T o  m a i n t a i n  s a t i s f a c t o r y  f i l t e r  p r e s s u r e
T o t a l  a r e a  of b a g  c r o s s  s e c t i o n  =
TT d-
2
b
2 4
( d b + a b )
— 3 . 8 5
A p p r o x i m a t e  a r e a  of g a p  b e t w e e n  b a g s
Vb "V
4
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n
( I g n o r i n g  s h a d e d  a r e a  e q u a l  to B, a. +A, a. -a. )b b b b b
F o r  e q u a l  v e l o c i t i e s  t h e  a r e a  of b a g s  m u s t  e q u a l  t h e  a r e a  of 
t h e  g a p
b e t w e e n  t h e m : -
AbV
V b
( d K + 3k)
ttcL yb
(dk + a. )
ud.
■3.86
T h e r e f o r e : -
2ud,
b - i
2(db * ab)2
H e n c e : -
d =3  . 946a, or  d, = - 0 . 4 4 2 a ,  b b b b
o r : -
a, =0 .  253d, b b
Therefore total number of bags:-
A b B b
1. 5 70d, 2  3 . 8 7
b
F o r  b a g s  of l e n g t h  l ^ :-
AbBbTotal filtration area = ------- j 77 ^,1,
1. 5 70d, D Db
3 .
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T h e r e f .o r 0 :
T o t a l  f i l t r a t i o n  a r e a  p e r  u n i t  v o l u m e
1.570d, AUB, !L
2 .001
3 . 8 9
i . e  f o r  1 5 0 m m  b a g s  ( d ^ = 0 . 1 5 0 m )  t h e  f i l t r a t i o n  a r e a  p e r  u n i t  
f i l t e r  v o l u m e
A p r o p o s e d  i n c l i n e d  f l a t  f i l t e r  m a y  be  r e p r e s e n t e d  b y  a 
b o x  c o n t a i n i n g  e q u a l l y  s p a c e d  i n c l i n e d  f l a t  f i l t e r s  ( F i g u r e  
3 . 1 6 ) .  T h e  a n a l y s i s  in t h i s  c a s e  is m o r e  c o m p l e x  t h a n  t h e  
c o n v e n t i o n a l  b a g  f i l t e r  as a m u l t i t u d e  of i n c l i n a t i o n  a n g l e s  
a r e  p o s s i b l e .  T h e r e  is a l s o  t h e  p o s s i b i l i t y  of  u t i l i s i n g  d e a d  
s p a c e  w i t h i n  t h e  f i l t e r  f o r  t h e  h o p p e r  a n d  f o r  m o u n t i n g  t h e  
i n l e t  m a n i f o l d s .  T h e  a n a l y s i s  p r o v i d e d  h e r e  d o e s  n o t  a c c o u n t  
f o r  s u c h  s p a c e  s a v i n g  c o n s i d e r a t i o n s .
2 3f o r  c o n v e n t i o n a l  b a g s  is t h e r f o r e  1 3 . 3 4  m /m .
Af A^SinG 3 . 9 0
Area of each filter = ZA^B^
3 . 9 1
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Number of filters = ----   3.92
2a^
Therefore:-
(dr - ArCOS0) 2ArBr
Total filter area = -------------------
2a r
r ---3.93
T h e r e f o r e  T o t a l  f i l t e r  a r e a  p e r  u n i t  v o l u m e  =
1 ___
p = _______    ___________
f a_pSin0 a^Jl^TanO
------3.94
So t h a t  t h e  e f f e c t  of i n c l i n a t i o n  c a n  c l e a r l y  b e  s e e n
t h i s  e q u a t i o n  h a s  b e e n  e v a l u a t e d  at s e v e r a l  a n g l e s ,  u s i n g  t h e
f i l t e r  d i m e n s i o n s  as f o l l o w s : -  
A^ = 1 m 
a ^  = 0 . 0 3 m  
I ^  = 1 m
ec °) Ff ( m 2 /m3 )
30 9.0
45 13.8
60 19.3
80 28.0
90 33.3
T h i s  a n a l y s i s  i n t u i t i v e l y  a s s u m e s  t h a t  t h e  o u t l e t  
m a n i f o l d  s h o u l d  be  on a s i d e  f a c e  of  t h e  f i l t e r ,  a l t h o u g h  it 
w o u l d  c l e a r l y  be a d v a n t a g e o u s  at v e r y  low v a l u e s  o f  0 t o  b e
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on  t h e  t o p  s u r f a c e  of t h e  f i l t e r .  T h e  f o l l o w i n g  a n a l y s i s  h a s  
b e e n  l i m i t e d  to a n g l e s  of + 4 5 °  o n l y  f o r  c o m p a r i s o n  
p u r p o s e - s  .
f o r  9 = 4 5 °
C o m p a r i n g  t h e  t w o  s y s t e m s  it c a n  be  s e e n  t h a t  a f l a t  
i n c l i n e d  f i l t e r  c a n  be  c o n s t r u c t e d  to  g i v e  g r e a t e r  f i l t r a t i o n  
a r e a  p e r  u n i t  f i l t e r  v o l u m e  t h a n  a b a g  f i l t e r  f o r  t h e  
d i m e n s i o n s  g i v e n ,  p r o v i d e d  t h e  i n c l i n a t i o n  a n g l e  o f  a f l a t  
i n c l i n e d  f i l t e r  is g r e a t e r  t h a n  a p p r o x i m a t e l y  4 5 ° .  In 
m o r e  g e n e r a l  t e r m s  t h e  t w o  s y s t e m s  m a y  be  c o m p a r e d  as 
f o l l o w s : -
T h e  r a t i o  of t h e  t o t a l  f i l t r a t i o n  a r e a  p e r  u n i t  v o l u m e  
f o r  f l a t  f i l t e r s  to  t h e  t o t a l  f i l t r a t i o n  a r e a  p e r  u n i t  v o l u m e  
f o r  b a g  f i l t e r s  m u s t  be g r e a t e r  t h a n  1 f o r  an  a d v a n t a g e  of 
f l a t  f i l t e r s  o v e r  b a g  f i l t e r s .
T h e r e f o r e  t h e  r a t i o  
1 A f
F£ a^SinS a^i^Tan©
FT = F 2.001
b “ V
d, , Ab
2.001 a Sin0 Tan©
■3.95
T h i s  e q u a t i o n  i l l u s t r a t e s  s e v e r a l  o b v i o u s  c o n c l u s i o n s .  
F i r s t l y  t h e  u s e  of n a r r o w  s e c t i o n  f l a t  f i l t e r s  a l l o w s  m o r e
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f i l t r a t i o n  a r e a  t o  be a c c o m o d a t e d  in a f i l t e r  u n i t  of  a g i v e n  
s i z e .  ( i . e .  an  i n c r e a s e  in t h e  v o l u m e  e f f i c i e n c y ) .  S e c o n d l y  
t h e  v o l u m e  e f f i c i e n c y  is a m a x i m u m  w h e n  0 = 0 ° ,  ( i . e .  
h o r i z o n t a l  f i l t e r s ) ,  a n d  t h i r d l y  t h a t  b y  i n c r e a s i n g  t h e  h e i g h t  
to w i d t h  r a t i o  ( I ^  / A ^ ) of t h e  f i l t e r  a m o r e  c o m p a c t  
u n i t  m a y  be d e s i g n e d .
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3 . 6  T h e o r y  o f  s t a n d a r d  a c c e l e r a t i o n  e q u i p m e n t .
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Th.e f o r c e  r e q u i r e d  to r e m o v e  f i l t e r  c a k e  f r o m  t h e  f i l t e r  
e l e m e n t  is n o t  e a s i l y  f o u n d  u s i n g  t h e  v i b r a t i o n  e q u i p m e n t  
d e s c r i b e d  in s e c t i o n  5 . 1 . 1 .  T o  a l l o w  a k n o w n  a c c e l e r a t i o n  t o
b e  a p p l i e d  t o  t h e  w h o l e  f i l t e r  s u r f a c e , t h e  f i l t e r ,  w i t h  c a k e  
a t t a c h e d ,  w a s  s u b j e c t e d  t o  a s e r i e s  of s t a n d a r d  a c c e l e r a t i o n  
t e s t s .
T h e  e q u i p m e n t  u s e d  f o r  s t a n d a r d  a c c e l e r a t i o n  t e s t s  is
s h o w n  in F i g u r e  5 . 1 1  ( S e c t i o n  5 . 3 )
A f o r c e  b a l a n c e  o n  t h e  f i l t e r  f r a m e  m a y  b e  u s e d  to
c a l c u l a t e  t h e  f o r c e  e x p e r i e n c e d  by  t h e  f i l t e r  c a k e .  At t h e
i n s t a n t  of r e m o v i n g  a d d i t i o n a l  m a s s  m' t h e  r e s t o r i n g  f o r c e  
e x e r t e d  by  t h e  s p r i n g  is g i v e n  by : -
F1 = ( m + m !) g =  ma^
------ 3 . 9 7
W h e r e : -
F ' = i n s t a n t a n o u s  f o r c e  in t h e  s p r i n g .  (N)
m = m a s s  of f i l t e r .  (kg)
m , = a d d i t i o n a l  m a s s  a t t a c h e d  to  t h e  f i l t e r .  (k g )
g = g r a v i t a t i o n a l  a c c e l e r a t i o n . = 9 . 8 1  m / s
2
a .= i n s t a n t a n o u s  a c c e l e r a t i o n ,  ( m / s  )i
T h e r e f o r e : -
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1
t
, m  'k+ — J g m &
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T h e  e x p e r i m e n t a l  p r o g r a m m e  w a s  d e s i g n e d  t o  i d e n t i f y  t h e
m a j o r  v a r i a b l e s  a f f e c t i n g  t h e  f i l t e r  c a k e  c l e a n i n g  in f l a t
g e o m e t r y  c a k e  t y p e  f i l t e r s .  P a r a m e t e r s  . s u c h  as a c c e l e r a t i o n ,
a m p l i t u d e ,  n u m b e r  of s h a k e s ,  f r e q u e n c y ,  f o r c e  a n d  f o r c e  p e r  u n i t
a r e a  of c a k e  a f f e c t  d u s t  r e m o v a l .  F i l t r a t i o n  p a r a m e t e r s  s u c h  as
f i l t r a t i o n  v e l o c i t y ,  d u s t  c o n c e n t r a t i o n ,  c a k e  g o a d i n g ,  f i l t e r
m e d i u m  a n d  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  w i l l  a f f e c t  b o t h  t h e  
p a r t i c  I e / p a r t i c  I e a n d  t h e  p a r t i c  I e / c I o t h  b o n d  s t r e n g t h .
A d d i t i o n a l  t e s t s  w e r e  c a r r i e d  o u t  to
d e t e r m i n e  t h e  e f f e c t  of d e p o s i t i n g  a n d  c l e a n i n g  a c a k e  at v a r i o u s  
a n g l e s  t o  t h e  v e r t i c a l  , b o t h  u p - f a c i n g  a n d  d o w n f a c i n g .
T h e  c l o t h  c a k e  f i l t r a t i o n  p a r a m e t e r s  w e r e  a l s o  m e a s u r e d  so 
t h a t  d a t a  o b t a i n e d  d u r i n g  f i l t e r  c l e a n i n g  t e s t s  c o u l d  b e  r e l a t e d  
to p u b l i s h e d  d a t a .
P a r t i c l e  s i z e  a n a l y s i s  u s i n g  C o u l t e r  C o u n t e r  m e t h o d s  w e r e  
u s e d  to  q u a n t i f y  p a r t i c l e  p a r a m e t e r s  a n d  i n d i c a t e  a n y  v a r i a t i o n s  
in p a r t i c l e  s i z e  d u r i n g  f i l t r a t i o n .  W o r k  c a r r i e d  o u t  u s i n g  a
s c a n n i n g  e l e c t r o n  m i c r o s c o p e  s u p p l e m e n t e d  t h i s  d a t a  a n d  a l s o
i n d i c a t e d  p a r t i c l e  s h a p e  a n d  s o m e  s u r p r i s i n g  s t r u c t u r a l  
v a r i a t i o n s .
T h e  p r o g r a m m e  w a s  l i m i t e d  t o  t h e  s t u d y  of f l a t  f i l t e r s ,  
o p e r a t i n g  u n d e r  c o n d i t i o n s  of c o n s t a n t  r a t e  f i l t r a t i o n ,  p r i m a r i l y  
in t h e  c a k e  f o r m i n g  r e g i m e .  S o m e  t e s t s  w e r e  p e r f o r m e d  o n  f i l t e r  
m a t e r i a l s  w h i c h  a l l o w e d  a s i g n i f i c a n t  a m o u n t  of p e n e t r a t i o n  a n d  
b l e e d  t h r o u g h ,  t h o u g h  t h e  b u l k  of t h e  c a k e  c l e a n i n g  s t u d i e s  
u t i l i s e d  a 1 5^u P . T . F . E .  c o a t e d  f i l t e r  c l o t h  ( G o r e t e x )  w h i c h
C h a p t e r  4
83
f o r m e d  c a k e s  w i t h i n  t h e  f i r s t  f e w  s e c o n d s  of o p e r a t i o n , ,  d u e  to 
t h e  e a r l y  d e v e l o p m e n t  of ' s i e v i n g 1 t y p e  f i l t r a t i o n .
N o  s t u d y  of f i l t e r  p a s s  t h r o u g h  w a s  u n d e r t a k e n  d u e  t o  t h e  
h i g h  c o s t  of e q u i p m e n t  c a p a b l e  of m e a s u r i n g  t h e  v e r y  lo w e f f l u e n t  
c o n c e n t r a t i o n s  w i t h i n  t h e  t i m e  a v a i l a b l e  f o r  e a c h  t e s t .  
S u b j e c t i v e l y ,  h o w e v e r ,  p a s s  t h r o u g h  w a s  n o t  s i g n i f i c a n t  o n  t h e  
f i l t e r  m a t e r i a l s  u s e d  f o r  t h e  m a j o r i t y  of t h e  t e s t s .
N o  d e t a i l e d  s t u d y  of v i b r a t i o n  t r a n s i e n t  r e s p o n s e ,  
n o n - s i n u s o i d a l  r e s p o n s e  o r  w a v e  p r o p o g a t i o n  in f i l t e r  m e d i a  w a s  
a t t e m p t e d  d u e  to t h e  h i g h l y  s o p h i s t i c a t e d  a n d  c o m p l e x  e q u i p m e n t  
r e q u i r e d  f o r  s u c h  a s t u d y .
4.1 F i l t e r  c l e a n i n g  p a r a m e t e r s .
T h e  i n t e r d e p e n d e n c e  of  v i b r a t i o n a l  p a r a m e t e r s  d o e s  n o t  
a l l o w  e a s y  i n v e s t i g a t i o n  of  o n e  p a r a m e t e r  w h i l s t  h o l d i n g  a l l  
o t h e r  p a r a m e t e r s  c o n s t a n t .  T h i s  is f u r t h e r  c o m p l i c a t e d  b y  t h e  
l a c k  of c o n t r o l  of  p a r a m e t e r s  s u c h  as a c c e l e r a t i o n  a n d  
d i s p l a c e m e n t  d i r e c t l y .  T h e  o n l y  c o n t r o l s  a v a i l a b l e  o n  t h e  
v i b r a t o r  u n i t  w h i c h  c o u l d  be  d i r e c t l y  v a r i e d  t h e r e f o r e
w e r e  f r e q u e n c y  a n d  a c c e l e r a t i o n  as f o l l o w s
4 . 1 . 1  V i b r a t i o n  f r e q u e n c y .
In t h e  S t a g e  I t e s t s ,  t h e  w h o l e  f i l t e r  s e c t i o n  w a s  
v i b r a t e d  v e r t i c a l l y  ( s e r i e s  2) a n d  h o r i z o n t a l l y  ( s e r i e s  3 ) ,  
u s i n g  m a x i m u m  a m p l i f i e r  o u t p u t .  A s s u m i n g  a p p r o x i m a t e l y  
c o n s t a n t  v i b r a t o r  l o a d i n g  t h e r e f o r e  t h e  r e s p o n s e  a m p l i t u d e
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w i l l  d e c r e a s e  as f r e q u e n c y  is i n c r e a s e d  as s h o w n  in F i g u r e  
7 . 6  ( s e c t i o n  7 . 1 ) .  N o  a c c o u n t  h a s  b e e n  m a d e  o f  r e s o n a n c e  
in t h i s  c a s e  o r  t h e  a c t u a l  f i l t e r  m a t e r i a l  d i s p l a c e m e n t ,  
d u e  t o  f l e x u r e .
T h e  e f f e c t  on  t h e  c l e a n i n g  e f f i c i e n c y ,  b a s e d  o n  
p r e s s u r e  d r o p  w a s  i n v e s t i g a t e d  f o r  f r e q u e n c i e s  in t h e  r a n g e  
50  to 2 0 0 0  Hz f o r  v i b r a t i o n s  a p p l i e d  b o t h  h o r i z o n t a l l y  a n d  
v e r t i c a l l y .
T h e  s e r i e s  1 to  3 t e s t s  on  t h e  S t a g e  II e q u i p m e n t  w e r e  
a l s o  d e s i g n e d  to  i n v e s t i g a t e  t h e  e f f e c t s  of f r e q u e n c y  o n  
f i t t e r  c l e a n i n g  e f f i c i e n c y .  F r e q u e n c i e s  in t h e  r a n g e  5 0  - 
1 5 0 0  Hz w e r e  s t u d i e d .
4 . 1 . 2  V i b r a t i o n  a c c e l e r a t i o n .
S e r i e s  12 a n d  13  t e s t s  ( S t a g e  II) w e r e  d e s i g n e d  t o
i n v e s t i g a t e  t h e  e f f e c t  of  a c c e l e r a t i o n  o n  a d u s t  c a k e  a n d
p r o v i d e d  m u c h  i n f o r m a t i o n  on  f i l t e r  c l e a n i n g  as w e l l  as
f i l t e r  c a k e  p a r a m e t e r s .
V i b r a t i o n  w a s  a p p l i e d  d i r e c t l y  t o  t h e  c l o t h  c e n t r e  
t h u s  a l l o w i n g  a w i d e  r a n g e  of a c c e l e r a t i o n s  t o  b e  a p p l i e d  
w h i l s t  at t h e  s a m e  t i m e  e n s u r i n g  m a x i m u m  t r a n s m i s s i o n  of
v i b r a t i o n a l  e n e r g y  to t h e  c l o t h .
A c a k e  w a s  d e p o s i t e d  u n d e r  s e t  c o n d i t i o n s  a n d  t h e n  
s h a k e n  o f f  u s i n g  v a r i o u s  v i b r a t i o n  m o d e s .  T h e  c a k e  
v i b r a t e d  o f f  w a s  c o l l e c t e d  a n d  w e i g h e d  a n d  t h e  r e m a i n d e r
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b r u s h e d  o f f ,  c o l l e c t e d  a n d  w e i g h e d .  In t h i s  w a y ,  t h e  c a k e  
d e p o s i t  c o u l d  be m a i n t a i n e d  a p p r o x i m a t e l y  c o n s t a n t  a n d  t h e  
effe.ct of s m a l l  v a r i a t i o n s  in o p e r a t i n g  c o n d i t i o n s ,  s u c h  as 
v i b r a t i o n  a c c e l e r a t i o n ,  a m p l i t u d e ,  a m p l i f i e r  p o w e r ,  
f r e q u e n c y ,  c l o t h  i n c l i n a t i o n s ,  c l e a n i n g  t i m e  a n d  c a k e
l o a d i n g  c o u l d  be i n v e s t i g a t e d .  T a b l e  9 . 3 . 4  g i v e s  t h e  r a n g e  
o f  e a c h  p a r a m e t e r .
4 . 1 . 3  S t a n d a r d  a c c e l e r a t i o n .
S i n c e  v i b r a t i n g  a c l o t h  u s i n g  an o s c i l l a t o r y  m o t i o n  
p r o d u c e s  r e s o n a n t  a n d  a n t i - r e s o n a n t  c o n d i t i o n s ,  c l e a n i n g  
e f f i c i e n c y  w i l l  v a r y  w i t h  f r e q u e n c y .  T o  o v e r c o m e  t h i s  
p r o b l e m  a s e r i e s  of  e x p e r i m e n t s  w e r e  c o n d u c t e d  u s i n g
s t a n d a r d  a c c e l e r a t i o n  e q u i p m e n t .  T h i s  e n s u r e d  t h a t  t h e  
w h o l e  c l o t h  s u r f a c e  e x p e r i e n c e d  t h e  r e q u i r e d  s e t
a c c e l e r a t i o n .  A f u r t h e r  a d v a n t a g e  of s u c h  t e s t s  w e r e  t h a t  
t h e y  a l l o w e d  a c c u r a t e  c a k e  m a s s  a n d  m a s s  r e m o v a l  d a t a  t o  b e  
o b t a i n e d .
V a r i a b l e s  i n v e s t i g a t e d  i n c l u d e d  t h e  f o l l o w i n g  : -
i) f i l t e r  m a t e r i a l  t y p e
ii) t e n s i o n
i i i )  d e g r e e  of c l o t h  s u p p o r t
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iv) I n c l i n a t i o n  
. v) F i l t r a t i o n  v e l o c i t y  ( A i r  / c l o t h  r a t i o )
vi) d u s t  c o n c e n t r a t i o n
v i i )  c a k e  l o a d i n g
4 . 2  F i l t e r  l o n g  t e r m  o p e r a t i o n  a n d  t h e  e f f e c t s  of i n c l i n a t i o n .
D u e  t o . t h e  i n d u s t r i a l  n a t u r e  a n d  c o m m e r c i a l  b a s i s  o f  t h e
e x p e r i m e n t a l  w o r k ,  a s e r i e s  of t e s t s  w e r e  d e s i g n e d  to
*
i n v e s t i g a t e  t h e  e f f e c t  o n  f i l t r a t i o n  a n d  c l e a n i n g  o f  f l a t  
i n c l i n e d  f i l t e r s  o v e r  a p e r i o d  of t i m e ,  a n d  t h e  e f f e c t  w h i c h  
i n c l i n a t i o n  h a s  o n  s t e a d y  s t a t e  p r e s s u r e  d r o p .  S e r i e s  7 a n d  8 
( S t a g e  II ) u s e d  w h o l e  f i l t e r  v i b r a t i o n s  a p p l i e d  p a r a l l e l  t o  
t h e  f i l t e r  s u r f a c e .  S e r i e s  9 a n d  10 t e s t s  u s e d  d i r e c t  
m e m b r a n e  v i b r a t i o n s  a p p l i e d  p e r p e n d i c u l a r l y  t o  t h e  f i l t e r  
surface.
T e s t s  w e r e  c o n d u c t e d  f o r  t e n  h o u r s  a n d  w e r e  o p e r a t e d  o n  a 
15 m.inute t i m e  c y c l e .
4 . 3  P i l o t  p l a n t  t e s t s .
T h e  m a i n  p u r p o s e  of t h e  p i l o t  p l a n t  s t a g e  w a s  t o  p r o v e  
t h e  d e s i g n  c o n c e p t  on a s m a l l  s e c t i o n  of a f u l l  s c a l e  f i l t e r .  
A s t a c k  of f o u r ,  1 m  by 1m f i l t e r s  w e r e  u s e d  w i t h  d o u b l e  f a c e d  
f i l t e r  e l e m e n t s ,  g i v i n g  a t o t a l  f i l t r a t i o n  a r e a  of  e i g h t  
s q u a r e  m e t e r s .
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T h e  v i b r a t i o n  c h a r a c t e r i s t i c s  of b o t h  v i b r a t o r  a n d  
f i l t e r s  w e r e  p r o v e n  a n d  c a l i b r a t e d  b e f o r e  a n y  d u s t  w a s  f e d  to  
t h e  fi. I t e r s .  T h e  f r e q u e n c y ,  a c c e l e r a t i o n  a n d  c l o t h  
d i s p l a c e m e n t  were c a l i b r a t e d  w i t h  v i b r a t o r  a i r  s u p p l y  p r e s s u r e  
f o r  s e v e r a l  v i b r a t o r  w e i g h t s  a n d  at i n c l i n a t i o n s  o f  0 d e g r e e s  
a n d  4 5 d e g r e e s .  A p r e l i m i n a r y  t e s t  w a s  u s e d  t o  d e t e r m i n e  t h e  
a c c e l e r a t i o n  a n d  f r e q u e n c y  r a n g e  of t h e  u n l o a d e d  v i b r a t o r .
T e s t s  w i t h  a c a k e  d e p o s i t e d  o n  t h e  f i l t e r  s u r f a c e  
d e t e r m i n e d  t h e  d u s t  r e m o v a l  r e s p o n s e  at v i b r a t o r  a c c e l e r a t i o n s  
o f  up  to 8 t i m e s  g.
4 . 4  P a r t i c l e  c h a r a c t e r i s a t i o n .
E x c e p t  f o r  p r e l i m i n a r y  t e s t s  o n  t h e  S t a g e  I e q u i p m e n t  o n  
w h i c h  p r e c i p i t a t e d  c h a l k  w a s  u s e d ,  a l l  s u b s e q u e n t  t e s t s  u s e d  
p o w e r  s t a t i o n  f l y  a s h .  T h i s  w a s  s i e v e d  th ro ' u g h  a 1 0 0  m 
s i e v e  a n d  b l e n d e d  b e f o r e  u s e .  S a m p l e s  o f  f e e d  d u s t  a n d  
m a t e r i a l  c o l l e c t e d  on t h e  f i l t e r  w e r e  a n a l y s e d  u s i n g  a C o u l t e r  
C o u n t e r .  S a m p l e s  of d u s t  u s e d  in t h e  p i l o t  p l a n t  t e s t s  w e r e  
a l s o  a n a l y s e d .
E l e c t r o n  m i c r o g r a p h s  of f e e d  d u s t  w e r e  a l s o  o b t a i n e d  t o  
d e t e r m i n e  p a r t i c l e  s t r u c t u r e .
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5.1 Sta'ge 1 R i g
5 . 1 . 1  R i g  d e s i g n .
T h e  o r i g i n a l  e q u i p m e n t  ( F i g u r e  5 . 1 )  w a s  b a s e d  a r o u n d  
an e x i s t i n g  f i l t e r  h o u s i n g  w h i c h  w a s  d e s i g n e d  a n d  b u i l t  by 
F e n l o w  E n g i n e e r i n g  L t d .  T h i s  c o n s i s t e d  of  a 0 . 5 1 m  x 0 . 4 1 m  
x 0 . 5 m  s t e e l  b o x  w i t h  a p e r s p e x  f r o n t  a n d  4 i n c h  d i a m e t e r  
( 1 0 0  mm ) t o  s q u a r e  d u c t s  t r a n s i t i o n  s e c t i o n s  f o r  a i r / d u s t  
s u s p e n s i o n  i n l e t  a n d  o u t l e t .  A 3 0  cm x 3 0  cm f i l t e r  f r a m e  
( F i g u r e  5 . 2 )  w a s  s u s p e n d e d  w i t h i n  t h i s  b o x  f r o m  f o u r  s p r i n g  
s t e e l  s u s p e n s i o n  u n i t s .  T h e  s u s p e n s i o n  c o u l d  b e  a r r a n g e d  
so t h a t  t h e  f i l t e r  w a s  f r e e  t o  s h a k e  e i t h e r  in a d i r e c t i o n  
p e r p e n d i c u l a r  to  t h e  s u r f a c e  o r  p a r a l l e l  t o  it ( F i g u r e  5 . 3  
a n d  5 . 4 ) .  M o u n t i n g  b r a c k e t s  w e r e  p r o v i d e d  at t h e  b a c k  a n d  
o n  t h e  t o p  of t h e  b o x  t o  t a k e  a L i n g  D y n a m i c  S y s t e m s  4 0 0  
S e r i e s  w i d e  f r e q u e n c y  s h a k e r .  An a l u m i n i u m  s p i n d l e  w a s  
p a s s e d  t h r o u g h  a h o l e  in t h e  b o x  t o  a c t u a t e  t h e  f i l t e r  
f r a m e .  T h e  g a p  a r o u n d  t h e  f i l t e r  w a s  b l a n k e d  o f f  w i t h  
r u b b e r  s h e e t  t o  p r e v e n t  d u s t  a c c u m u l a t i n g  in  t h e  e m p t y  
s p a c e s  b e h i n d  t h e  f i l t e r  f r a m e ,  o r  e s c a p i n g .
T h e  f i l t e r  c l o t h  i t s e l f  w a s  s u p p o r t e d  o n  a p e r f o r a t e d  
p l a s t i c  s h e e t  of t h e  t y p e  n o r m a l l y  u s e d  f o r  c l o t h  s u p p o r t  
in w e t  f i l t e r s .  T h e  c l o t h  s u p p o r t ,  c l o t h ,  a n d  f i l t e r  f r a m e  
w e r e  h e l d  t o g e t h e r  b y  b o l t s .  A p r e s s u r e  t a p p i n g  w a s  
p r o v i d e d  at t h e  b a c k  of t h e  f i l t e r  so t h a t  t h e  p r e s s u r e  
d i f f e r e n t i a l  a c r o s s  t h e  f i l t e r  c o u l d  b e  m e a s u r e d .  F l o w
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t h r o u g h  t h e  f i l t e r  w a s  p r o v i d e d  v i a  t w o  2 i n c h  ( 5 0  mm) 
c o n n e c t o r s  a n d  f l e x i b l e  h o s e  t o  t h e  e x t e r i o r  of t h e  b o x .
A c o n s t a n t  f l o w  of d u s t y  a i r  w a s  p a s s e d  in f r o n t  of 
t h e  f i l t e r  v i a  a c l o s e d  l o o p  p l a s t i c  p i p e .  A p a d d l e  b l a d e  
f a n  c i r c u l a t e d  t h e  a i r  w h i l s t  a v i b r a t o r y  d u s t  f e e d e r  
e n s u r e d  an  a d e q u a t e  f l o w  of d u s t  i n t o  t h e  s y s t e m .
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Figure 5.1 Schematic diagram of the Stage I test
equipment.
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Figure 5.2 The Stage I filter test section
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Figure 5.3 Filter support equipment for vertical
vibration
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Figure 5.4 Filter support for horizontal vibration
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5 . 1 . 2  D u s t  c o n c e n t r a t i o n  c o n t r o l  e q u i p m e n t .
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'•It w a s  f o u n d  i m p o s s i b l e  t o  m a i n t a i n  a c o n s t a n t  d u s t  
c o n c e n t r a t i o n  w i t h i n  t h e  s y s t e m  b y  f e e d i n g  at c o n s t a n t  
r a t e .  F i r s t l y ,  t h e  v i b r a t o r y  f e e d e r  d i d  n o t  m a i n t a i n  a
c o n s t a n t  f e e d r a t e  a n d  c o u l d  n o t  be  c a l i b r a t e d ,  a n d
s e c o n d l y  t h e  e f f e c t s  of d e p o s i t i o n  a n d  r e - e n t r a i n m e n t  in 
t h e  s y s t e m  s e r i o u s l y  a f f e c t e d  t h e  s t a b i l i t y  o f  t h e  d u s t
c o n c e n t  r a t i o n .
A l i g h t  a n d  p h o t o c e l l  s y s t e m  b a s e d  o n  a s i m p l e
l i g h t m e t e r  c i r c u i t  ( F i g u r e  5 . 5 )  w a s  u s e d  t o  m o n i t o r  t h e  
o b s c u r a t i o n  d u e  t o  d u s t  in t h e  l o n g  p i p e  s e c t i o n .  T h e
f e e d e r  w a s  s w i t c h e d  m a n u a l l y  w h e n e v e r  t h e  m e t e r  r e a d i n g  
f e l l  b e l o w  a se t  l e v e l .  T o  p r e v e n t  b u i l d  u p  of  d u s t  o n  t h e  
l i g h t  b u l b  or p h o t o c e l l  t h e y  w e r e  m o u n t e d  in a p p r o x i m a t e l y  
1 f t  l o n g  t u b e s  w h i c h  w e r e  s p a r g e d  w i t h  a i r .
Figure 5.5 Dust monitoring equipment
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5 . 1 . 3  F i l t e r  f l o w  c o n t r o l .
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' F l o w  t h r o u g h  t h e  f i l t e r  w a s  m a i n t a i n e d  b y  a s l i d i n g  
v a n e  r o t a r y  b l o w e r ,  m o n i t o r e d  b y  a 0 t o  1 7 . 5  C F M  (0 t o
0 . 0 0 8 2 5 m ^ / s  ) v a r i a b l e  a r e a  m e t e r  ( r o t a m e t e r )  a n d  
c o n t r o l l e d  b y  a s u c t i o n  p r e s s u r e  c o n t r o l  v a l v e .  T h e  
r o t a m e t e r  w a s  p i p e d  d i r e c t l y  to t h e  s u c t i o n  s i d e  of  t h e
f i l t e r  so as to  o p e r a t e  as n e a r  as p o s s i b l e  t o  a t m o s p h e r i c
p r e s s u r e .
As c a k e  d e p o s i t e d  on  t h e  f i l t e r  t h e  f l o w  r e a d i n g  
d i m i n i s h e d  a n d  t h i s  w a s  a d j u s t e d  m a n u a l l y  at o n e  m i n u t e
i n t e r v a l s  u s i n g  t h e  s u c t i o n  p r e s s u r e  c o n t r o l  v a l v e .
5 . 1 . 4  F i l t e r  p r e s s u r e  d r o p  m e a s u r e m e n t .
T h e  p r e s s u r e  d r o p  a c r o s s  t h e  f i l t e r  w a s  m o n i t o r e d  at 
s e t  p o i n t s  on  e a c h  f i l t r a t i o n  c y c l e  u s i n g  a w a t e r  
m a n o m e t e r .
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5 . 2 .A R i g  d e s i g n .
S e v e r a l  a c c u r a c y  a n d  o p e r a t i o n a l  p r o b l e m s  w e r e  f o u n d  
to be a s s o c i a t e d  w i t h  t h e  i n i t i a l  t e s t  e q u i p m e n t .  T h e s e  
p r o b l e m s  w e r e  l a r g e l y  e l i m i n a t e d  in t h e  s e c o n d  s t a g e  
e q u i p m e n t  t h o u g h  t h e  s o l u t i o n s  o f t e n  c r e a t e d  f u r t h e r
p r o b l e m s .
T h e  m a j o r  p r o b l e m  w a s  o n e  of l o n g  t e r m  o p e r a t i o n .
D u r i n g  t h e  S t a g e  I t e s t s  t h e  o p e r a t o r  h a d  t o  r e a d  a n d  
a d j u s t  t h e  d u s t  c o n c e n t r a t i o n ,  r e a d  a n d  a d j u s t  t h e  d u s t  
c o n c e n t r a t i o n ,  r e a d  a n d  a d j u s t  t h e  f i l t e r  f l o w ,  r e a d  a n d  
r e c o r d  f i l t e r  p r e s s u r e  d r o p  as w e l l  as t i m e  t h e  f i l t r a t i o n  
c y c l e  a n d  m a n u a l l y  s w i t c h  t h e  m a i n  f l o w  f a n  a n d  v i b r a t o r .  
T h i s  m e a n t  t h a t  e x t e n d e d  r u n s  w e r e  i m p o s s i b l e  a n d  n o  t i m e  
w a s  a v a i l a b l e  f o r  i s o k i n e t i c  s a m p l i n g  t e s t s  o r  d e t a i l e d  
o b s e r v a t i o n  of f i l t r a t i o n  m e c h a n i s m s .
A s e r i o u s  p r o b l e m  w a s  a l s o  a s s o c i a t e d  w i t h  t h e  f i l t e r
h o u s e  a n d  i n l e t / o u t l e t  d u c t i n g .  T h e  l a r g e  i n c r e a s e  in  f l o w
a r e a  w h e n  d u s t y  a i r  e n t e r e d  t h e  f i l t r a t i o n  s e c t i o n  m e a n t  a 
c o n s i d e r a b l e  r e d u c t i o n  in f l o w  v e l o c i t y  a n d  e x c e s s i v e  d u s t  
d r o p  o u t .  D u s t  s h a k e n  f r o m  t h e  f i l t e r  a l s o  r e m a i n e d  in t h e  
f i l t e r  b o x  b a s e  a n d  a s w i r l i n g  f l o w  w i t h i n  t h e  b o x  a l l o w e d  
u n p r e d i c t a b l e  d u s t  c o n c e n t r a t i o n s  t o  o c c u r .  D e p o s i t i o n  o f  
c a k e  on t h e  f i l t e r  w a s  n e i t h e r  u n i f o r m  n o r  r e p r o d u c i b l e .
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F u r t h e r  p r o b l e m s  i n c l u d e d  h i g h  v o l t a g e  s t a t i c  b u i l d  u p  
in t h e  p l a s t i c  p i p e  a n d  o c c a s i o n a l  c l o g g i n g  o f  t h e
v i b r . a t o r y  f e e d e r  a n d  f e e d e r  c h u t e .
F i g u r e  5 . 6  s h o w s  a s c h e m a t i c  d i a g r a m  o f  t h e  S t a g e  II 
e q u i p m e n t .  C o p p e r  p i p e  w a s  u s e d  i n s t e a d  of p l a s t i c  p i p e  to  
e l i m i n a t e  s t a t i c  b u i l d  u p ,  a n d  C o n e x  c o m p r e s s i o n  b e n d s  u s e d  
to  f a c i l i t a t e  e a s y  d i s m a n t l i n g .
T h e  d u c t w o r k  on e i t h e r  s i d e  of  t h e  t e s t  s e c t i o n  w a s  
d e s i g n e d  t o  m a i n t a i n  c o n s t a n t  v e l o c i t y  t h r o u g h o u t  t h e  
c i r c u i t  a n d  w a s  of s u c h  a l e n g t h  as t o  a l l o w  f u l l y
d e v e l o p e d  t u r b u l a n t  f l o w  w i t h i n  t h e  t e s t  s e c t i o n .  T h e  
C o n e x  j o i n t s  b e t w e e n  t h e  p i p e w o r k  a n d  t h e  d u c t w o r k  w e r e  
p o s i t i o n e d  t o  a l l o w  r o t a t i o n  of t h e  w h o l e  d u c t w o r k  a n d  
f i l t e r  t e s t  s e c t i o n  a n d  h e n c e  t h e  i n v e s t i g a t i o n  of  
d e p o s i t i o n  a n d  c a k e  r e m o v a l  at a n y  a n g l e .  F a c i l i t y  w a s  
p r o v i d e d  t o  m o u n t  t h e  v i b r a t o r  e i t h e r  b e h i n d  o r  a b o v e  t h e  
f i l t e r  t e s t  s e c t i o n  so  t h a t  v i b r a t i o n s  c o u l d  b e  i m p o s e d  
e i t h e r  p e r p e n d i c u l a r  to  or  p a r a l l e l  w i t h  t h e  f i l t e r  
s u r f a c e .  F l e x i b l e  r u b b e r  j o i n t s  b e t w e e n  t h e  t e s t  s e c t i o n  
a n d  t h e  m a i n  d u c t w o r k  a l l o w e d  v i b r a t i o n  of t h e  w h o l e  f i l t e r  
s e c t i o n .  R u b b e r  s a c k s  s u s p e n d e d  b e l o w  t h e  t e s t  s e c t i o n  
p e r m i t t e d  r e m o v a l  of b o t h  t h e  f i l t e r e d  a n d  d r o p - o u t  d u s t  
w i t h o u t  s i g n i f i c a n t l y  a l t e r a t i n g  t h e  v i b r a t i o n s  o f  t h e  t e s t  
s e c t i o n .  A 3 i n c h  ( 7 6 m m )  S a u n d e r s  v a l v e  w a s  i n c l u d e d  in 
t h e  c i r c u i t  so t h a t  t h e  t r a n s p o r t  o r  m a i n  f l o w  v e l o c i t y
c o u l d  be v a r i e d .
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D u s t  c o n c e n t r a t i o n  a n d  fi 1 1 r a t i o n / c  l e a n i n g  c y c l e s  w e r e  
c o n t r o l l e d  u s i n g  b o t h  d i g i t a l  a n d  a n a l o g  e l e c t r o n i c s  as 
d e s c r i b e d  in t h e  f o l l o w i n g  s e c t i o n s .
T h e  a i r  f l o w  r a t e  t h r o u g h  t h e  f i l t e r  m e d i u m  (o r
a i r / c l o t h  r a t i o ) ,  w a s  c o n t r o l l e d  a u t o m a t i c a l l y  b y  a P l a t o n  
' F l o w s t a t 1 t h u s  m a i n t a i n i n g  c o n s t a n t  r a t e  c o n d i t i o n s  f o r  
a l l  t h e  e x p e r i m e n t s .  T h e  s l i d i n g  v a n e  p u m p  u s e d  p r e v i o u s l y  
t o  s u c k  a i r  t h r o u g h  t h e  f i l t e r  w a s  r e p l a c e d  b y  t h e  
l a b o r a t o r y  m a i n  v a c u u m  s u p p l y .  T h i s  e n a b l e d  s i m p l e  f l o w  
s w i t c h i n g  u s i n g  a s o l e n o i d  v a l v e  a n d  a q u i c k e r  b u i l d - u p  t o  
o p e r a t i n g  c o n d i t i o n s  to g i v e  a c c u r a t e  i n i t i a l  f i l t r a t i o n
c o n d i t i o n s .  A b a c k - u p  f i l t e r  is p r o v i d e d  i m m e d i a t e l y  a f t e r  
t h e  t e s t  f i l t e r  t o  r e m o v e  a n y  r e m a i n i n g  d u s t  b e f o r e  t h e  a i r  
p a s s e d  t o  t h e  r o t a m e t e r  a n d  f l o w s t a t .
C o n t i n u o u s  r e c o r d i n g  of f i l t e r  p r e s s u r e  d r o p  w a s  
a c h i e v e d  by  u s i n g  a F u r n a c e  C o n t r o l s  Q t o  1 0  i n c h  w a t e r  
g a u g e  (0 to  2 5 0  m m  w a t e r  g a u g e )  p r e s s u r e  t r a n s d u c e r  a n d  a 
J . J .  I n s t r u m e n t s  t y p e  C R 5 5 2  c h a r t  r e c o r d e r .  A s i g n a l  
t a k e n  f r o m  t h e  f o r m e r  w a s  a l s o  u s e d  f o r  p r e s s u r e  d r o p
s w i t c h i n g  w h e n  o p e r a t i n g  c l e a n i n g  c y c l e s  b a s e d  o n  a m a x i m u m  
p r e s s u r e  d r o p .
T h e  v i b r a t o r  m e c h a n i s m  c o n s i s t s  of a L i n g  D y n a m i c s  
m o d e l  T P O  1 0 0 ,  1 0 0  VA s o l i d  s t a t e  p o w e r  a m p l i f i e r  a n d  s o l i d  
s t a t e  W e i n  b r i d g e  o s c i l l a t o r  w h i c h  is u s e d  t o  p o w e r  a m o d e l  
4 0 6  e l e c t r o - d y n a m i c  s h a k e r .
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T h e  f i l t e r  t e s t  s e c t i o n s  t h e m s e l v e s  w e r e  m a d e  f r o m  3 / 8  
i n c h  ( 9 . 5  m m )  s q u a r e  t u b u l a r  s t e e l  w h i c h  w e r e  w e l d e d  
t o g e - t h e r  t o  f o r m  a 1 f t  x 1 f t  ( 0 . 3 m  b y  0 . 3 m )  f r a m e .  V a r i o u s  
t y p e s  of c l o t h  s u p p o r t  were u s e d  t o  i n v e s t i g a t e  t h e  
v i b r a t i o n a l  e f f e c t s  of t h e  b a c k i n g  m e d i u m .  T h e  f i l t e r  
c l o t h  w a s  t h e n  r e s i n  b o n d e d  to  t h e s e  f r a m e s  w h i l s t  u n d e r  a 
t e n s i o n  of a p p r o x i m a t e l y .  3 3  k g / m .  T h e  f i l t e r  f r a m e  w a s  
t h e n  b o l t e d  i n t o  t h e  m a i n  f i l t r a t i o n  s e c t i o n  u s i n g  c e l l u l a r  
f o a m  g a s k e t s  t o  e n s u r e  a i r  t i g h t n e s s .
A n  e a r l y  p a r t  of t h e  w o r k  i n v o l v e d  v i b r a t i n g  t h e  w h o l e  
f i l t e r  s e c t i o n  in a d i r e c t i o n  p a r a l l e l  t o  t h e  s u r f a c e  of 
t h e  f i l t e r  m e d i u m .  In t h i s  c a s e  t h e  f i l t e r  s e c t i o n  r a n  in 
p o l i s h e d  s t e e l  r u n n e r s  w i t h  b r a s s  r e t a i n i n g  b l o c k s  a n d  w a s  
s u s p e n d e d  by  a t h i c k  n a t u r a l  r u b b e r  s t r i p .  T h e  v i b r a t o r  
w a s  m o u n t e d  a b o v e  t h e  f i l t e r  s e c t i o n  a n d  a s p i n d l e  u s e d  t o  
t r a n s m i t  t h e  v i b r a t i o n s .  S u c h  a s y s t e m  i m p o s e d  s e v e r e  
r e s t r i c t i o n s  on  t h e  a m p l i t u d e  o b t a i n a b l e  at h i g h  
f r e q u e n c i e s  d u e  to  t h e  h i g h  m a s s  o f  t h e  w h o l e  f i l t e r .
T h e  m a i n  p a r t  of t h e  e x p e r i m e n t a l  w o r k  w a s  d o n e  u s i n g  
a v i b r a t o r  s p i n d l e  b o l t e d  t h r o u g h  a 1 / 8  i n c h  ( 3 . 2 m m )  p i t c h  
s t a i n l e s s  s t e e l  w i r e  m e s h  a n d  cloth- w i t h  a 1 i n c h  ( 2 . 5 4  cm) 
d i a m e t e r  f l a t  r e t a i n e r ,  t h u s  v i b r a t i n g  t h e  c l o t h  d i r e c t l y .  
T h i s  r e t a i n e r  s e r v e d  a d u a l  p u r p o s e  in t h a t  it w a s  a l s o  
u s e d  as a f l a t  e a r t h e d  p o i n t  f o r  m e a s u r i n g  d i s p l a c e m e n t .
C h a p t e r  5
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5 . 2 . 2  D u s t  c o n c e n t r a t i o n  c o n t r o l  e q u i p m e n t .
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. D u s t  c o n c e n t r a t i o n  c o n t r o l  a n d  m o n i t o r i n g  w a s  a c h i e v e d  
u s i n g  a l i g h t  a n d  p h o t o c e l l  d e t e c t o r  m o u n t e d  o n  o p p o s i t e  
f a c e s  of t h e  f a n  o u t l e t  d u c t .  T h e  l i g h t  s o u r c e  c o n s i s t e d  
of a q u a  r t z - h a l o g e n  l a m p  p o w e r e d  by a v o l t a g e  s t a b i l i s e d  
p o w e r  s u p p l y .  A s e l e n i u m  p h o t o c e l l  w a s  u s e d  t o  d e t e c t  
t r a n s m i t t e d  l i g h t .  A i r  p u r g e  w a s  u s e d  to  k e e p  t h e  
p h o t o c e l l  c l e a n  t h o u g h  n o  p u r g e  w a s  f o u n d  t o  b e  n e c e s s a r y  
on  t h e  f l u s h  m o u n t e d  g l a s s  p l a t e  u s e d  f o r  t h e  l i g h t  s o u r c e  
w i n d o w .
T h e  c i r c u i t  s h o w n  in F i g u r e  5 . 7  c o n s i s t s  of a v o l t a g e  
f o l l o w e r  a n d  a m p l i f i e r  w h i c h  is c o n n e c t e d  t o  u p p e r  a n d
l o w e r  s e t  p o i n t  c o m p a r a t o r s  a l l o w i n g  t h e  f e e d e r  t o  o p e r a t e  
o n l y  b e t w e e n  s e t  l i m i t s  of d u s t  o b s c u r a t i o n  in t h e  d u c t .
D u s t  c a n  o n l y  be f e d  i n t o  t h e  s y s t e m  d u r i n g  t h e  f i l t r a t i o n
p e r i o d  of t h e  c y c l e .  D u s t  is f e d  d i r e c t l y  i n t o  t h e  f a n  
i n l e t  by a S i m o n  S o l i  t e c h  1V i b r a - s c r e w '  f e e d e r .
T h e  se t p o i n t s  or  t h e  d u s t  c o n c e n t r a t i o n  m o n i t o r
o u t p u t  c o u l d  be p l o t t e d  on  o n e  of t h e  c h a n n e l s  of t h e  JJ
I n s t r u m e n t s  t y p e  C R 5 5 2  p o t e n t i o m e t r i c  r e c o r d e r .
C h a p t e r  5
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5 . 2 . 3  F i l t r a t i o n  c y c l e  c o n t r o l  e q u i p m e n t .
1 0 3
. T h e  f i l t r a t i o n  c y c l e  c o n t r o l  e q u i p m e n t  w a s  d e s i g n e d  to 
a l l o w  f i l t r a t i o n  e i t h e r  u p  to a p r e s e t  p r e s s u r e  d i f f e r e n c e  
o r  f o r  a p r e s e t  b u t  v a r i a b l e  t i m e  c y c l e .  T h e  c y c l e  t h e n  
c o n t i n u e d  by  a l l o w i n g  a s e t  p e r i o d  of 3 0  s e c o n d s  f o r  f l o w  
to c e a s e  a n d  t h e  d u s t  to s e t t l e  in t h e  c i r c u i t .  T h i s  w a s  
f o l l o w e d  by a f i x e d  v i b r a t i o n  p e r i o d  of 3 0  s e c o n d s  a n d  a 
f u r t h e r  3 0  s e c o n d s  f o r  d u s t  to s e t t l e  i n t o  t h e  c o l l e c t i o n  
s a c k s .  T h e  c y c l e  c o u l d  be s e t  to  o p e r a t e  c o n t i n u o u s l y  o r  
on a o n c e  o n l y / m a n u a l  r e s e t  b a s i s .
T h e  c i r c u i t  s h o w n  in F i g u r e  5 . 8  a l l o w s  a c y c l e  b a s e d  
o n  p r e s s u r e  d r o p  s w i t c h i n g  to  o p e r a t e .  A s i m p l e  
m o d i f i c a t i o n  a l l o w s  a c y c l e  b a s e d  on  t i m e  c y c l i n g  t o  b e  
u s e d .
T h e  i n t e r f a c e  c i r c u i t  s h o w n  in F i g u r e  5 . 9  p r o v i d e s  a 
l i n k  b e t w e e n  t h e  low v o l t a g e  c o n t r o l  c i r c u i t s  a n d  m a i n s  
v o l t a g e  e q u i p m e n t  in t h e  l a b o r a t o r y .
C h a p t e r  5
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5 . 2 . A F i l t r a t i o n  f l o w  c o n t r o l .
1 0 6
.In o r d e r  to s i m p l i f y  t h e  d a t a  h a n d l i n g  a n d  i m p r o v e  t h e
c o n s i s t e n c y  of t h e  r e s u l t s  it ..as d e c i d e d  to o p e r a t e  at
c o n s t a n t  r a t e  c o n d i t i o n s .  T h i s  e l i m i n a t e d  t h e  p r o b l e m s
a s s o c i a t e d  w i t h  t h e  c h a n g e s  in c a k e  c h a r a c t e r  d u e  to
v a r i a t i o n s  in t h e  f i l t r a t i o n  v e l o c i t y .
T o  s i m p l i f y  f i l t r a t i o n  v e l o c i t y
c o n t r o l ,  a 1 - 1 0  C F M  a i r  P l a t o n  f l o w s t a t  t y p e  2 6 8 1 7  w a s  u s e d
in t h e  f i l t e r  s u c t i o n  l i n e  as s h o w n  in F i g u r e  5 . 6 .  C o n t r o l
w a s  f o u n d  to be s a t i s f a c t o r y  o v e r  t h e  w h o l e  r a n g e  of  t h i s
d e v i c e .
5 . 2 . 5  F i l t e r  p r e s s u r e  d r o p  m e a s u r e m e n t .
T h e  p r e s s u r e  d r o p  a c r o s s  t h e  f i l t e r  c l o t h  w a s  
m o n i t o r e d  u s i n g  a t y p e  FC 0 5 0 - 7 2 1  low p r e s s u r e  ( 0 - 2 5 0  m m  
w g )  F u r n e s s  C o n t r o l s  p r e s s u r e  t r a n s d u c e r .
It w a s  c a l i b r a t e d  to  g i v e  o n e  v o l t  o u t p u t  v o l t a g e  p e r
i n c h  w a t e r  g a u g e .  T h e  o u t p u t  is m o n i t o r e d  b y  a c o m p a r i t o r
s h o w n  in F i g u r e  5 . 8  a n d  r e c o r d e d  o n  o n e  c h a n n e l  o f  t h e  
c h a r t  r e c o r d e r .  T h e  p r e s s u r e  d r o p  s w i t c h i n g  p o i n t  c a n  a l s o  
b e  m o n i t o r e d  on t h e  c h a r t  t h u s  a l l o w i n g  a c c u r a t e  s e t t i n g  
a n d  m o n i t o r i n g .
C h a p t e r  5
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1 0 7
T h e  m e a s u r m e n t  of v i b r a t i o n  c h a r a c t e r i s t i c s  is 
s o m e w h a t  m o r e  c o m p l i c a t e d  t h a n  w o u l d  i n i t i a l l y  be e x p e c t e d .  
T h e  t h r e e  p r i m a r y  v a r i a b l e s  in o s c i l a t o r y  m o t i o n  a r e  
f r e q u e n c y ,  a m p l i t u d e  a n d  w a v e  f o r m .  M a n y  s e c o n d a r y  
v a r i a b l e s  e x i s t  of w h i c h  v e l o c i t y ,  a c c e l e r a t i o n  a n d  f o r c e  
a r e  m o s t  c o m m o n l y  u s e d .  O t h e r  s e c o n d a r y  v a r i a b l e s  i n c l u d e  
m o m e n t u m ,  i m p u l s e ,  t o t a l  d i s t a n c e  t r a v e l l e d  a n d  f o r c e  p e r  
u n i t  a r e a  ( s t r e s s ) .
G e n e r a l l y  s p e a k i n g  it is e s s e n t i a l  t o  m a k e  s e v e r a l  
s i m p l i f y i n g  a s s u m p t i o n s .  F i r s t l y ,  in t h e  t y p e  of 
i n v e s t i g a t i o n  u n d e r t a k e n ,  it is n o t  n e c e s s a r y  t o  c o n s i d e r  
i n s t a n t a n e o u s  v a l u e s  of e i t h e r  d i s p l a c e m e n t  or
a c c e l e r a t i o n ,  as it is t h e  m i n i m u m  c a k e  c l e a n i n g  
a c c e l e r a t i o n  or d i s p l a c e m e n t  w h i c h  is u n d e r  i n v e s t i g a t i o n .  
A n y  s e c t i o n  of c a k e  w h i c h  r e q u i r e s  l e s s  t h a n  t h e  a p p l i e d  
p e a k  a c c e l e r a t i o n  w i l l  b e  r e m o v e d  a f r a c t i o n  of a c y c l e  
e a r l i e r  in t i m e ,  b u t  t h e  f i n a l  a m o u n t  of c a k e  r e m o v e d  w i l l  
d e p e n d  on t h e  p e a k  v a l u e  o n l y .  P e a k  v a l u e s  a r e  r e c o r d e d  in 
a l l  c a s e s .  S e c o n d l y  it is a s s u m e d  t h a t  t h e  d r i v e r  a n d  
r e s p o n s e  w a v e  f o r m s  a r e  a p p r o x i m a t e l y  s i n u s o i d a l .  T h i s  is 
r a r e l y  s t r i c t l y  t r u e  e x c e p t  in t h e  l i m i t i n g  c a s e s  w h e n  lo w 
a m p l i t u d e  s t a b l e  r e s o n a n t  c o n d i t i o n s  p r e v a i l .  In s o m e  c a s e s  
t h e  r e s p o n s e  w a v e  f o r m  c a n  u n p r e d i c t a b l y  c h a n g e  f r o m  
h a r m o n i c  to s u b h a r m o n i c  w a v e  f o r m s ,  d u e  t o  s m a l l  c h a n g e s  in 
l o a d  or s m a l l  e x t r a n e o u s  e x c i t a t i o n s .
C h a p t e r  5
1 0 8
T h e  m e a s u r e m e n t  of v i b r a t i o n a l  c h a r a c t e r i s t i c s ,  
t h e r e f o r e ,  i n v o l v e s  a v e r a g i n g  p e a k  ' v a l u e s  of a c c e l e r a t i o n  
a n d . d i s p l a c e m e n t ,  a n d  a b s o l u t e  v a l u e s  of d r i v e r  o f f  l o a d  
f r e q u e n c y .
T h e  h i g h  f r e q u e n c y ,  l o w  a m p l i t u d e  v i b r a t i o n s  in t h e  
e x p e r i m e n t a l  p r o g r a m m e  r e q u i r e d  a g r e a t  d e a l  of  e l e c t r o n i c  
e q u i p m e n t  f o r  a c c u r a t e  m e a s u r e m e n t  of a c c e l e r a t i o n  a n d  
d i s p l a c e m e n t  as d e s c r i b e d  b e l o w .
5 . 2 . 6 . 1  M e a s u r e m e n t  of a c c e l e r a t i o n
P e a k  a c c e l e r a t i o n  is o n e  of t h e  e a s i e s t  v i b r a t i o n  
p a r a m e t e r s  t o  m e a s u r e  p r o v i d e d  p r o p e r l y  c a l i b r a t e d  a n d  
m a i n t a i n e d  e l e c t r o n i c  e q u i p m e n t  is a v a i l a b l e .  T h e  m o s t  
c o n v e n i e n t  a n d  s i m p l e  to u s e  is t h e  P i e z o e l e c t r i c  t y p e .  
T h e s e  c a n  be c a l i b r a t e d  to g i v e  a c c u r a c i e s  b e t t e r  t h a n  
1 %  a n d  do n o t  n e c e s s a r i l y  r e q u i r e  s i n u s o i d a l  c o n d i t i o n s  
to m a i n t a i n  c a l i b r a t i o n  a c c u r a c y .  G e n e r a l  p u r p o s e  t y p e s  
c a n  w e i g h  up  to 5 0 g r a m m e s a n d  c a n n o t ,  t h e r e f o r e ,  b e  u s e d  
o n  lo w m a s s  v i b r a t i n g  b o d i e s .  M i n i a t u r e  t y p e s  a r e  
a v a i l a b l e  w h i c h  c a n  w e i g h  l e s s  t h a n  0 . 5  g r a m m e s  b u t  t h e  
s e n s i t i v i t y  of t h e s e  d e v i c e s  is s e v e r e l y  l i m i t e d .
T w o  B r u e l  a n d  K j a e r  p i e z o e l e c t r i c  s e n s o r s  w e r e  
u s e d ,  o n e  l a r g e  h i g h  o u t p u t  t y p e  4 3 3 2  a n d  o n e  s m a l l e r  
t y p e  4 3 3 6 .  U s e d  in c o n j u n c t i o n  w i t h  t h e s e  w e r e  a 
v i b r a t i o n  p i c k - u p  p r e a m p l i f i e r  t y p e  1 6 0 6  w h i c h  
i n c o r p o r a t e s  a v i b r a t i n g  t a b l e  a n d  p o t e n t i o m e t e r s  f o r  
c a l i b r a t i o n ,  a m i c r o p h o n e  p o w e r  s u p p l y  t y p e  2 8 0 1 ,  a n d  an
C h a p t e r  5
1 0 9
e l e c t r o n i c  v o l t m e t e r  t y p e  2 6 0 9 ,  a l l  m a d e  by  B r u e l  a n d  
K j a e r .
C a l i b r a t i o n  a c c u r a c y  of s u c h  m e a s u r e m e n t  e q u i p m e n t  
is q u o t e d  as a p p r o x i m a t e l y  2 %  p r o v i d e d  c a r e f u l  
c a l i b r a t i o n  ha s  b e e n  c a r r i e d  o u t  a n d  t h e  n a t u r a l  
f r e q u e n c y  of t h e  t r a n s d u c e r  is at l e a s t  4 t i m e s  h i g h e r  
t h a n  t h e  m a x i m u m  f r e q u e n c y  to  be m e a s u r e d .
5 . 2 . 6 . 2  M e a s u r e m e n t  of d i s p l a c e m e n t .
A W a y n e  K e r r  t y p e  B 3 7 1 8  v i b r a t i o n / d i s t a n c e  m e t e r  
w i t h  c o n t a c t l e s s  c a p a c i t a n c e  p r o b e s  c a p a b l e  of  v i b r a t i o n  
a n d  d i s t a n c e  m e a s u r e m e n t s  d o w n  to 1 . 2 5  m i c r o n s  at 
f r e q u e n c i e s  of 1 H z  to 1 0 k H z  w a s  u s e d .  T h e  e q u i p m e n t  w a s  
o l d  h o w e v e r  a n d  no l o n g e r  c a p a b l e  of a c c u r a t e  r e s u l t s  
u s i n g  t h e  m e t e r s  s u p p l i e d .
A m o d i f i c a t i o n  is d e s c r i b e d  in t h e  e q u i p m e n t  
i n s t r u c t i o n  m a n u a l  w h i c h  a l l o w s  g r e a t e r  a c c u r a c y  t o  be  
o b t a i n e d .  F i g u r e  5 . 1 0  s h o w s  a s i m p l e  e l e c t r o n i c  f i l t e r  
w h i c h  m a y  be c o n n e c t e d  to t h e  m e t e r  to  a l l o w  t h e  m e t e r  
o u t p u t  to be c a l i b r a t e d  a n d  m o n i t o r e d  o n  an  
o s c i l l o s c o p e .
T h e  m a i n  a d v a n t a g e  of t h i s  e q u i p m e n t  is t h a t  no  
l o a d  w a s  i m p o s e d  on  t h e  v i b r a t i n g  m a s s  a n d  t h e  t r u e  
a m p l i t u d e  of t h e  f i l t e r  m e d i a  c o u l d  b e  m e a s u r e d  p r o v i d e d  
t h e  m e d i a  s u r f a c e  w a s  m e t a l i s e d  w i t h  s i l v e r  p a i n t  a n d  
e a r t h e d  v i a  a f i n e  w i r e .
C h a p t e r  5
Figure 5.10 Electronic filter'for the Wayne-Kerr 
contactless displacement probe.
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5 . 2 . 6 . 3  M e a s u r e m e n t  o f  v i b r a t i o n  f r e q u e n c y .
T h e  v i b r a t i o n  f r e q u e n c y  is s e t  o n  t h e  v i b r a t o r  
o s c i l l a t o r  w h i c h  gave, f r e q u e n c i e s  a c c u r a t e  t o  w i t h i n  2 %  
of t h e  s e t  v a l v e .  T h i s  w a s  c h e c k e d  u s i n g  a n  S . E .  
L a b o r a t o r i e s  T i m e r  C o u n t e r  t y p e  SM 2 0 0  M a r k  2 w h i l s t  
o p e r a t i n g  at low p o w e r  o u t p u t s .  At h i g h  p o w e r  o u t p u t s  
t h e  f e e d b a c k  f r o m  t h e  v i b r a t o r  c a u s e s  d i s t o r t i o n ,  t h u s  
r e n d e r i n g  t h e  c o u n t e r  r e a d i n g  i n v a l i d .
A c o n s t a n t  c h e c k  of r e s p o n s e  f r e q u e n c y  w a s  o b t a i n e d  
by  m o n i t o r i n g  o u t p u t  f r o m  t h e  a c c e l e r o m e t e r  o n  an 
o s c i I l o s c o p e .
5 . 3  S t a n d a r d  a c c e l e r a t i o n  e q u i p m e n t .
D u r i n g  t h e  i n v e s t i g a t i o n  to d e t e r m i n e  t h e  m e c h a n i s m  of 
c a k e  r e l e a s e  f r o m  a f i l t e r  it b e c a m e  a p p a r e n t  t h a t  t h e  e f f e c t s  
o f  f r e q u e n c y  a n d  m e m b r a n e  d i s p l a c e m e n t  s h a p e  m a d e
i n t e r p r e t a t i o n  d i f f i c u l t .  A m e m b r a n e  v i b r a t i n g  in i t s  
f u n d a m e n t a l  m o d e  e x p e r i e n c e s  a h i g h e r  p e a k  a c c e l e r a t i o n  at i t s  
c e n t r e  t h a n  at t h e  m e m b r a n e  b o u n d a r i e s .  T h e  a c c e l e r a t i o n  
p r o f i l e  o v e r  t h e  s u r f a c e  d e s c r i b e s  a s i n u s o i d a l  f u n c t i o n  a n d  
r e l a t i n g  t h e  m a s s  of c a k e  r e m o v a l  w i t h  p e a k  a c c e l e r a t i o n  is 
i m p o s s i b l e .  T h e  s a m e  r e a s o n i n g  m a y  be a p p l i e d  t o  a n y  m o d e  of 
v i b r a t i o n .
So t h a t  a c a k e  b o n d  s t r e n g t h  or  r e m o v a l  f o r c e  m a y  be  
d e t e r m i n e d  t h e r e f o r e  it b e c a m e  e s s e n t i a l  t o  d e v e l o p  a 
t e c h n i q u e  to a l l o w  t h e  s a m e  k n o w n  a c c e l e r a t i o n  t o  b e  a p p l i e d
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to  a l l  a r e a s  of t h e  f i l t e r / c a k e .  A c e n t r i f u g a l  m e t h o d  w a s  
d e s i g n e d  b u t  f o u n d  to be d i f f i c u l t  to a p p l y  d u e  to  t h e  l e v e l  
o f  e n g i n e e r i n g  a c c u r a c y  r e q u i r e d  a n d  t h e  h i g h  f i l t e r  m a s s .  A 
s i m p l e r  t e c h n i q u e  w a s  u s e d  t h e r e f o r e  w h i c h  e m p l o y e d  a 
t e n s i o n e d  s p r i n g  t o  p r o d u c e  t h e  r e q u i r e d  a c c e l e r a t i o n .  F i g u r e  
5 . 1 1  s h o w s  t h e  t y p e  of e q u i p m e n t  u s e d .  A s p r i n g  b a l a n c e  w a s  
u s e d  to  a l l o w  e a s y  s e t t i n g  of a c c e l e r a t i o n .
T h e  i n s t a n t a n e o u s  a c c e l e r a t i o n  a • a f t e r  o p e r a t i n g  t h e  
q u i c k  r e l e a s e  m e c h a n i s m  m a y  be c a l c u l a t e d  as f o l l o w s
F o r c e  e x e r t e d  by  s p r i n g  (F) = Cm + m 1 ) g = m a .
T h e r e f o r e : -
3 . 9 7
a . = (m+ m 1 ) gi  —
m
W h e r e : -
m = m a s s  of f i l t e r  f r a m e  p l u s  s u p p o r t s .  (kg)
m 1 = m a s s  a d d e d  to p r o d u c e  a c c e l e r a t i o n ,  (kg)
2g = g r a v i t a t i o n a l  a c c e l e r a t i o n . ( m / s  )
3 . 9 8
M a s s  m w a s  f o u n d  to  be a p p r o x i m a t e l y  4 l b  ( 1 . 7 1 k g ) ,
t h e r e f o r e ,  l o a d i n g  t h e  s p r i n g  in s t e p s  of 4 1 b . w i l l  p r o d u c e
a c c e l e r a t i o n s  in s t e p s  of 1 t i m e s  g.
U s i n g  a l o n g  p e r s i s t e n c e  o s c i l l o s c o p e  a n d  a c c e l e r o m e t e r
t h i s  c a l c u l a t i o n  w a s  s h o w n  to be c o r r e c t  a n d  a n  a p p r o x i m a t e
c a l i b r a t i o n  o b t a i n e d .  ( S e c t i o n  6 . 2 . 5 ) .
C h a p t e r  5
Figure 5.11 Standard acceleration equipment.
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5 . 4  M i s c e  l l a n e o u s  e q u i p m e n t .
1 1 4
5.4.-1 C l o t h  t e n s i o n e r .
S i n c e  v i b r a t i o n s  of s t r e t c h e d  m e m b r a n e s  a r e  h i g h l y  
d e p e n d e n t  u p o n  m e m b r a n e  t e n s i o n ,  an  a r b i t a r y  t e n s i o n  of 
1 0 K g  (22 Lb) w a s  m a i n t a i n e d  o v e r  a 14 i n c h  ( 0 . 4 6  m) f i l t e r  
m e d i u m  s a m p l e  w h i l s t  e a c h  f r a m e  w a s  b e i n g '  b o n d e d  t o g e t h e r .  
T h i s  g i v e s  a t e n s i o n  of 2 7 6  N / m .  A f r a m e  ( F i g u r e  5 . 1 2 )  w a s  
u s e d  to s i m p l i f y  t h i s  p r o c e d u r e  a n d  m a i n t a i n  c o n s i s t e n t  
results.
5 . 4 . 2  I s o k i n e t i c  s a m p l i n g  e q u i p m e n t .
A c o n s t a n t  d u s t  c o n c e n t r a t i o n  w a s  s e t  u p  a n d  
p e r i o d i c a l l y  c h e c k e d  by  s a m p l i n g  in t h e  c i r c u l a t i n g  
p i p e w o r k .  T o  a c h i e v e  a c c u r a t e  r e s u l t s  it is e s s e n t i a l  t o  
m a i n t a i n  e q u a l  v e l o c i t i e s  in t h e  s a m p l i n g  p r o b e  a n d  in t h e  
p i p e .  F i g u r e  5 . 1 3  s h o w s  d i a g r a m a t i c a I l y  t h e  s a m p l i n g  t r a i n  
u s e d .
In u s e  t h e  a i r  f l o w  v e l o c i t y  is f i r s t  m e a s u r e d  in  t h e  
p i p e .  T h e  v o l u m e t r i c  f l o w r a t e  is t h e n  c a l c u l a t e d  t o  
a c h i e v e  t h e  s a m e  v e l o c i t y  in t h e  s h a r p  e d g e d  s a m p l i n g  
n o z z l e .  T h i s  v a l u e  is t h e n  s e t  on  t h e  r o t a m e t e r  u s i n g  t h e  
f l o w s t a t  a n d  s a m p l i n g  c o n t i n u e d  f o r  t h e  w h o l e  f i l t r a t i o n  
c y c l e ,  or f o r  a se t  p e r i o d  d e p e n d i n g  o n  t h e  n u m b e r  of 
s a m p l i n g  p o i n t s  in t h e  p i p e .  D u s t  c o l l e c t e d  in t h e  f i l t e r  
is t h e n  w e i g h e d  a n d  t h e  m e a n  d u s t  c o n c e n t r a t i o n  c a l c u l a t e d .
C h a p t e r  5
Figure 5.12 Cloth tensioner
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5 . 4 . 3  C o u l t e r  c o u n t e r .
1 1 6
P a r t i c l e  c h a r a c t e r i s a t i o n  of b o t h  t h e  f e e d  d u s t  a n d  
t h a t  d e p o s i t e d  o n  t h e  c a k e  w a s  n e c e s s a r y  so t h a t  a 
c o m p a r i s o n  c o u l d  be m a d e  b e t w e e n  r e s u l t s  o b t a i n e d  in t h i s  
r e s e a r c h  a n d  t h a t  p u b l i s h e d  p r e v i o u s l y .  D i f f e r e n c e s
b e t w e e n  t h e  a s - f e d  a n d  d e p o s i t e d  d u s t  w e r e  a l s o  
h i g h l i g h t e d .
T h e  c o m p r e h e n s i v e  d a t a  o b t a i n e d  b y  u s i n g  C o u l t e r  
C o u n t e r  p a r t i c l e  s i z e  a n a l y s i s  w a s  c o n s i d e r e d  s u p e r i o r  t o  
t h a t  o b t a i n e d  by  o t h e r  m e a n s  s u c h  as m i c r o - s i e v i n g .
T h e  e q u i p m e n t  u s e d  w a s  a m o d e l  D m a n u a l  C o u l t e r  
C o u n t e r  u s i n g  a -200 m i c r o n  o r i f i c e .
5 . 4 . 4  E l e c t r o n  m i c r o s c o p e .
P a r t i c l e  s h a p e  a n d  s u r f a c e  c h a r a c t e r i s t i c s  w e r e  
i n v e s t i g a t e d  u s i n g  b o t h  a M i n i s e m  a n d  a S t e r e o s c a n  e l e c t r o n  
m i c r o s c o p e .  T h e  s u r f a c e  s t r u c t u r e  of s e v e r a l  f i l t e r  
m a t e r i a l s  w e r e  a l s o  i n v e s t i g a t e d  as w e l l  as t h e  e f f e c t  of 
v a c u u m  c l e a n i n g  a n d  b r u s h - c  I e a n i n g  d e l i c a t e  m e m b r a n e s .  
P h o t o m i c r o g r a p h s  a r e  i n c l u d e d  in t h e  r e s u l t s .
C h a p t e r  5
5 . 4 . 5  D u s t  c o n t r o l  r oom.
1 1 7
- D u e  to t h e  u n p l e a s a n t  c h a r a c t e r i s t i c s  of h i g h
c o n c e n t r a t i o n s  of f l y a s h  d u s t  in t h e  a i r ,  a w e l l  v e n t i l a t e d  
r o o m  w a s  b u i l t  a r o u n d  t h e  t e s t  e q u i p m e n t  in c a s e  of 
l e a k a g e .  A t w e l v e  i n c h  V e n t a x i a  f a n  a n d  l a r g e  b o r e  d u c t
w o r k  e n s u r e d  a s l i g h t  n e g a t i v e  p r e s s u r e  in t h e  r o o m  at a l l
t i m e s  a n d  c o n v e y e d  t h e  e f f l u e n t  a i r  to  t h e  o u t s i d e  of t h e
b u i l d i n g .
5 . 5  P i l o t  p l a n t .
T h e  p i l o t  s c a l e  e q u i p m e n t  w a s  b u i l t  b y  B e g g - C o u s l a n d  
C o m p a n y  L i m i t e d  in G l a s g o w .  It w a s  d e s i g n e d  a n d  t e s t e d  in 
c o n j u n c t i o n  w i t h  t h e  U n i v e r s i t y ,  u s i n g  t h e  v i b r a t i o n  
m e a s u r e m e n t  e q u i p m e n t  f r o m  t h e  s m a l l  s c a l e  t e s t  f a c i l i t y  f o r  
c o m m i s s i o n i n g  p u r p o s e s .
F i g u r e  5 . 1 4  s h o w s  a s c h e m a t i c  d i a g r a m  of t h e  e q u i p m e n t .  
F o u r  d o u b l e  s i d e d ,  o n e  m e t e r  b y  o n e  m e t e r  f i l t e r  p l a t e s  w e r e  
b o l t e d  in a f l a n g e  at t h e  t o p  of t h e  f i l t e r  h o u s i n g  w h i l s t  t h e  
b o t t o m  of t h e  p l a t e s  w e r e  s u p p o r t e d  by a r u b b e r  m o u n t e d  
v i b r a t o r  b r a c k e t .  A p n e u m a t i c ,  p i s t o n  t y p e ,  i n e r t i a l  v i b r a t o r  
is a t t a c h e d  to t h e  b r a c k e t  o u t s i d e  t h e  h o u s i n g .  A f a n  
p r o v i d e s . a i r  f l o w  b y  a p p l y i n g  s u c t i o n  to  t h e  e f f l u e n t  s i d e  of  
t h e  f i l t e r  w h i l s t  d u s t  is i n j e c t e d  p n e u m a t i c a l l y  i n t o  t h e  f l o w  
s t r e a m  on t h e  i n l e t  s i d e  of t h e  f i l t e r .  A c a t c h p o t  is 
p r o v i d e d  to c o l l e c t  t h e  d u s t  o n c e  r e m o v e d  f r o m  t h e  f i l t e r  a n d  
o i l  m a n o m e t e r s  u s e d  to m o n i t o r  f i l t e r  p r e s s u r e  l o s s ,  s t a t i c  
p r e s s u r e  a n d  a i r  f l o w r a t e .
C h a p t e r  5
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A. c o n t r o l l e r  u s i n g  f i l t e r  p r e s s u r e  d r o p  t o  p r o v i d e  
c l e a n i n g  c y c l e  i n i t i a t i o n  a n d  t i m e r s  t o  c o m p l e t e  t h e  c y c l e  w a s  
u s e d  t o  a l l o w  c o n t i n u o u s  o p e r a t i o n .
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Figure 5.14 The prototype V.D.F filter test rig.
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6 C a l i b r a t i o n s  and e x p e r i m e n t a l  p r o c e d u r e .
6.1 S t a g e  I .
D u r i n g  s t a g e  I m u c h  of t h e  e q u i p m e n t  a n d  t e c h n i q u e s  u s e d  
w e r e  in t h e  d e v e l o p m e n t  s t a g e ,  a n d  t h e  c a l i b r a t i o n  a n d  
e x p e r i m e n t a l  p r o c e d u r e  w e r e  t h e r e f o r e  s o m e w h a t  u n r e l i a b l e .  No  
a c c u r a t e  e q u i p m e n t  w a s  a v a i l a b l e  f o r  m e a s u r i n g  s m a l l  
a m p l i t u d e s  of v i b r a t i o n  of t h e  f i l t e r  or  v i b r a t o r  s p i n d l e .
6 . 1 . 1  C i r c u l a t i n g  f l o w  v e l o c i t y  a n d  c h a l k _____ d u s t
c o n c e n t r a t i o n .
T h e  c i r c u l a t i n g  f l o w  v e l o c i t y  w a s  d e t e r m i n e d  u s i n g  a 
p i t o t  t u b e  a n d  i n c l i n e d  g a u g e  m a n o m e t e r  a n d  is s h o w n  in 
F i g u r e  6 . 1 .  I s o k i n e t i c  s a m p l e s  w e r e  t a k e n  at e a c h  p o i n t  
a n d  t h e  m e a n  d u s t  c o n c e n t r a t i o n  f o u n d  t o  b e  4 . 8 9  g / m ^  
w i t h  an a c c u r a c y  of 1 0 % .
6 . 1 . 2  V i b r a t o r  a n d  a m p l i f i e r  c a l i b r a t i o n s .
T h e  v i b r a t o r  f r e q u e n c y  a c c u r a c y  a n d  a m p l i f i e r  o u t p u t  
v o l t a g e  w e r e  c h e c k e d .  F i g u r e  6 . 2  s h o w s  t h a t  t h e  v i b r a t o r  
f r e q u e n c y  c a n  g e n e r a l l y  be s e t  t o  w i t h i n  2 %  o f  t h a t  s h o w n  
on  t h e  c a l i b r a t e d  d i a l  of t h e  a m p l i f i e r .
T h e  a m p l i f i e r  o u t p u t  w a v e f o r m  a n d  v o l t a g e  w a s  o b s e r v e d  
a n d  it w a s  f o u n d  t h a t  d i s t o r t i o n  of t h e  s i n u s o i d a l  w a v e f o r m  
o c c u r s  at a v o l u m e  s e t t i n g  of 7 0 %  a n d  a b o v e ,  p r o b a b l y  d u e  
to e l e c t r i c a l  f e e d b a c k  f r o m  t h e  v i b r a t o r  c o i l .  T h e  o u t p u t
C h a p t e r  6
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v o l t a g e  w a s  t h e r e f o r e  c h e c k e d  w i t h o u t  t h e  v i b r a t o r  
c o n n e c t e d -  F i g u r e  6 . 7  s h o w s  t h e  o u t p u t  v o l t a g e  p l o t t e d  
agai.nst a m p l i f i e r  s e t t i n g .
T h e  t h e o r e t i c a l  c u r v e  on t h e  v i b r a t i o n  n o m o g r a p h  w a s  
u s e d  t o  e s t i m a t e  t h e  d i s p l a c e m e n t  a n d  a c c e l e r a t i o n  of t h e  
f i l t e r .  T h i s  w a s  f o u n d  b y  p l o t t i n g  t h e  v a l u e s  of v i b r a t o r  
l o a d  a n d  t h e  r e c i p r o c a l  v a l u e  of a c c e l e r a t i o n  f r o m  t h e  
v i b r a t o r  n o m o g r a p h  ( F i g u r e  7 . 6 )  a n d  e x t r a p o l a t i n g  t o  t h e  
f i l t e r  p l a t e  w e i g h t  , as d e s c r i b e d  in s e c t i o n  7 . 1 .  T h i s  
g a v e  t h e  m a x i m u m  v a l u e  of a c c e l e r a t i o n  at a l l  f r e q u e n c i e s  
t o  be' a p p r o x i m a t e l y  2.1 t i m e s  g r a v i t a t i o n a l  a c c e l e r a t i o n .
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Figure 6.1 Pipe flow velocity nrof-ile
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1: i g u r e b . 2 Am n 1 i f i e r f r e u u e n c y c a I i b r a t i o n
2000 -
1000 .
1000 2000
Set frequency (Hz)'
F i g u r e  0 . 3  A m p l i f i e r  o u t p u t  v o l t a g e  - o f f  l o ad .
(No v a r i a t i o n  w i t h  f r e q u e n c y ) .
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6 . 1 . 3  F i l t r a t i o n  f l o w r a t e .
125
. A  r o t a m e t e r  c a l i b r a t e d  at m a n u f a c t u r e  w a s  u s e d  a n d  
a s s u m e d  t o  b e  a c c u r a t e  w i t h i n  t h e  r e q u i r e d  l i m i t s .
6 . 1 . 4  E x p e r i m e n t a l  p r o c e d u r e .
T h e  i n i t i a l  s t a g e  I s e r i e s  of e x p e r i m e n t s  w e r e  
d e s i g n e d  to i n v e s t i g a t e  t h e  e f f e c t  of v i b r a t i o n  f r e q u e n c y  
o n  c l e a n i n g  e f f i c i e n c y .  P r e c i p i t a t e d  c h a l k  d u s t  w a s  u s e d  
d u r i n g  t h e s e  e a r l i e r  t e s t s  as t h e  P . F . A .  h a d  n o t  y e t  b e e n  
p r e p a r e d .  A c o m p l e t e  l i s t  of  o p e r a t i n g  c o n d i t i o n s  a n d
p a r a m e t e r s  a r e  s h o w n  in T a b l e  9 . 3 . 1 .
A v a c u u m  c l e a n e d  c l o t h  w a s  u s e d  f o r  e a c h  t e s t  w h i c h  
c o n s i s t e d  of t h e  d e p o s i t i o n  of a c a k e  u n d e r  c o n s t a n t
c o n d i t i o n s  f o r  a p e r i o d  of 30  m i n u t e s .  T h e  c i r c u l a t i n g  a n d  
f i l t r a t i o n  f l o w  w e r e  t h e n  r e m o v e d  a n d  t h e  f i l t e r  c l e a n e d  
f o r  a p e r i o d  of 15 s e c o n d s  u s i n g  m a x i m u m  v i b r a t i o n  p o w e r  at 
t h e  f r e q u e n c y  u n d e r  t e s t .  T h e  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  
t h e  f i l t e r  w a s  r e c o r d e d  b e f o r e ,  d u r i n g  a n d  a f t e r  t h e
f i l t r a t i o n  p e r i o d  a n d ,  in p a r t i c u l a r ,  b e f o r e  a n d  a f t e r  
c l e a n i n g .  T h e s e  l a s t  t w o  p a r a m e t e r s ,  t o g e t h e r  w i t h  t h e  
i n i t i a l  v a c u u m  c l e a n e d  p r e s s u r e  d i f f e r e n c e  w e r e  u s e d  t o  
c a l c u l a t e  a c l e a n i n g  e f f i c i e n c y  p a r a m e t e r  d e f i n e d  t h u s  : -
C l e a n i n g  e f f i c i e n c y  (V ) £j> _
= e c
Where:- - £vPe v
A P e = f i l t e r  p r e s s u r e  d i f f e r e c e  b e f o r e  c l e a n i n g  ( k P a )  
A P c = f i l t e r  p r e s s u r e  d i f f e r e n c e  a f t e r  c l e a n i n g  ( k P a )
A P v - f  i I t e r  p r e s s u r e  d i f f e r e n c e  a f t e r  v a c u u m  c l e a n i n g  (kPa)
C h a p t e r  6
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. T h e  c a k e  w a s  f o r m e d  a n d  c l e a n e d  o f f  s i x  t i m e s  b e f o r e  
v a c u u m  c l e a n i n g  a n d  a m e a n  c l e a n i n g  e f f i c i e n c y  c a l c u l a t e d  
f r o m  t h e  l a s t  f o u r  c y c l e s .
6 . 2  S t a g e  II .
6 . 2 . 1  C i r c u l a t i n g  f l o w  v e l o c i t y  a n d  f l y a s h  c o n c e n t r a t i o n .
T h e  c i r c u l a t i n g  f l o w  v e l o c i t y  w a s  s e t  at a p p r o x i m a t e l y  
1 8 0 0  f t / m i n  ( 9 . 1 4  m / s ) ,  t o  e n s u r e  a d e q u a t e  p a r t i c l e
t r a n s p o r t  w i t h i n  t h e  d u c t w o r k .  A p i t o t  t r a v e r s  w a s  t h e n
u s e d  to a c c u r a t e l y  d e t e r m i n e  t h e  f l o w  v e l o c i t y  p r o f i l e .
( T a b l e 9 . 2 . 3 ,  f i g u r e  6 . 4  a n d  6 . 5 ) .
A n  o n g o i n g  c a l i b r a t i o n  of d u s t  c o n c e n t r a t i o n  w a s  t a k e n  
w h e n e v e r  t h e  c o l l e c t e d  d u s t  w a s  w e i g h e d .  D u e  t o  d r o p  o u t  
o c c u r r i n g  in t h e  r u b b e r  d u s t  c o l l e c t o r  s a c k s  t h e  m o s t
a c c u r a t e  c a l i b r a t i o n s  ( f o r  s p e c i f i c  r e s i s t a n c e  p u r p o s e s )  
w e r e  o b t a i n e d  on s i n g l e  c y c l e  t e s t s  w h e n  a f i l t e r  m e m b r a n e  
w a s  r e m o v e d  w i t h  d u s t  c a k e  i n t a c t .
A n  i s o k i n e t i c  s a m p l e  w a s  t h e n  t a k e n  at s i x  p o i n t s  in 
t h e  d u c t  to g i v e  an e s t i m a t e  of d u s t  c o n c e n t r a t i o n  p r o f i l e  
( F i g u r e  6 . 5 ) .
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Figure 6.4 Air velocity profile (4" duct) 
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Figure 6.5 Dust concentration profile (4" duct).
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6 . 2 . 2  D i s p l a c e m e n t  m e t e r  and a c c e l e r o m e t e r  c a l i b r a t i o n .
. T h e  W a y n e - K e r r  v i b r a t i o n  m e t e r  d e s c r i b e d  in S e c t i o n
5 . 2 . 6 . 2  w a s  i n a c c u r a t e  u s i n g  t h e  b a s i c  e q u i p m e n t  
c a l i b r a t i o n  p r o c e d u r e .  T h e  e q u i p m e n t  w a s  v e r y  o l d  a n d  
c o u l d  n o t  be c a l i b r a t e d  o n  t h e  v i b r a t i o n  a m p l i t u d e  s c a l e .  
T h e  s t a t i c  d i s p l a c e m e n t  c i r c u i t s  w e r e ,  h o w e v e r ,  
s a t i s f a c t o r y .  An  e l e c t r o n i c  f i l t e r  F i g u r e  5 . 1 0  ( S e c t i o n  
5 . 2 . 6 . 2 )  w a s  u s e d  as d e s c r i b e d  in t h e  W a y n e - K e r r  
I n s t r u c t i o n  m a n u a l  to  a l l o w  t h e  m e t e r  o u t p u t  t o  b e  
m o n i t o r e d  u s i n g  an o s c i l l o s c o p e .  T h e  t y p e  F c a p a c i t a n c e  
p r o b e  w a s  m o u n t e d  a b o v e  an  e a r t h e d  f l a t  m e t a l  p l a t e  a n d  
t h i c k n e s s  g a u g e s  b e t w e e n  50  m i l  a n d  5 0 0  m i l  ( 0 . 1 2 7 c m  a n d
1 . 2 7 c m )  u s e d  to  s e t  k n o w n  d i s t a n c e s  b e t w e e n  t h e  p r o b e  a n d
t h e  m e t a l  s u r f a c e .  T h e  o s c i  I l o s c o p e  v o l t a g e  w a s  r e c o r d e d  
a n d  F i g u r e  6 . 6  s h o w s  t h e  c a l i b r a t i o n  g r a p h .  T h i s  p r o c e d u r e  
w a s  r e p e a t e d  u s i n g  p r o b e  D, a n d  t h i c k n e s s  g u a g e s  b e t w e e n  5 
m i l  a n d  5 0  m i l  ( 0 . 0 1 2 7 c m  a n d  0 . 1 2 7 c m )  w e r e  u s e d  t o
c a l i b r a t e  t h i s  p r o b e .  F i g u r e  6 . 6  a l s o  s h o w s  t h e
c a l i b r a t i o n  g r a p h  f o r  p r o b e  D.
T a b l e  9 . 2 . 4  s h o w s  t h e  c a l i b r a t i o n  r e s u l t s  f o r  p r o b e s  F
a n d  D .
T w o  B r u e l  a n d  K j a e r  p i e z o e l e c t r i c  a c c e l e r o m e t e r s  w e r e  
c a l i b r a t e d  w i t h  t h e  a s s o c i a t e d  e l e c t r o n i c  e q u i p m e n t  
d e s c r i b e d  in S e c t i o n  5 . 2 . 6 . 1 .  T h e  e l e c t r o n i c  p r e a m p l i f i e r  
c o n t a i n s  a v i b r a t i n g  t a b l e  in w h i c h  a s m a l l  m e t a l  s p h e r e  
m a y  be u s e d  f o r  c a l i b r a t i o n  p u r p o s e s .  T h e  a c c e l e r o m e t e r  t o  
b e  c a l i b r a t e d  m a y  be f i x e d  t o  t h e  t a b l e  a n d  i t s  v i b r a t i o n
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a m p l i t u d e  i n c r e a s e d  u n t i l  t h e  b a l l  c a n  b e  h e a r d  to  v i b r a t e .
. O b s e r v i n g  t h e  a c c e l e r o m e t e r  a m p l i f i e r  o u t p u t  o n  an
o s c i l l o s c o p e  s h o w s  a s i n u s o i d a l  w a v e f o r m  w h i c h  b e c o m e s
2
d i s t o r t e d  w h e n  an a c c e l e r a t i o n  of e x a c t l y  9 . 8 1  m / s  is 
r e a c h e d  C g -^  = 1). T h e  p r e a m p l i f i e r  m a y  t h e n  b e  a d j u s t e d  t o  
r e a d  0 . 9 8 1  v o l t s  on t h e  e l e c t r o n i c  v o l t m e t e r  w h e n  u s i n g  t h e  
l a r g e  h i g h  o u t p u t  a c c e l e r o m e t e r  ( t y p e  4 3 3 2 )  o r  0 . 0 9 8 1  v o l t s  
w h e n  u s i n g  t h e  s m a l l e r  l o w  o u t p u t  ( t y p e  4 3 3 6 )
a c c e l e r o m e t e r .
T h e  a c c e l e r o m e t e r s  w e r e  c a l i b r a t e d  in s u c h  a w a y  
b e f o r e  u s e  e x c e p t  t h a t  t h e y  w e r e  c a l i b r a t e d  t o  r e a d  1 . 0  a n d  
0. 1 v o l t s  r e s p e c t i v e l y  so t h a t  a c c e l e r a t i o n  m a y  b e  r e a d  
e a s i l y  in t e r m s  of m u l t i p l e s  of g r a v i t a t i o n a l  a c c e l e r a t i o n .
C h a p t e r  6
Figure b . 6 I'/aync-Kerr displacement meter calibration.
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6 . 2 . 3  F i l t e r  f l o w  r o t a m e t e r  c a l i b r a t i o n .
. T h e  m a n u f a c t u r e r ' s  c a l i b r a t i o n  w a s  c h e c k e d  u s i n g  
c a l i b r a t i o n  c h a r t s  f o r  ' m e t r i c '  s e r i e s  r o t a m e t e r s ,  a n d  
c o r r e c t e d  f o r  o p e r a t i n g  t e m p e r a t u r e  a n d  p r e s s u r e .  T h e  
c a l i b r a t i o n  at o p e r a t i n g  t e m p e r a t u r e  a n d  p r e s s u r e  w a s  f o u n d  
to d e v i a t e  f r o m  t h e  m a n u f a c t u r e r ' s  c a l i b r a t i o n  by  l e s s  t h a n  
0 . 1 % .  F i g u r e  9 . 1  ( C h a p t e r  9) s h o w s  t h e  m a n u f a c t u r e r s  
c a l i b r a t i o n  c u r v e s  f o r  t y p e  35 m e t r i c  s e r i e s  r o t a m e t e r s .  
T a b l e  9 . 2 . 5  s h o w s  t h e  c a l i b r a t i o n  p r o c e d u r e .  T h e
c a l i b r a t i o n  e r r o r  w a s  r e m o v e d  by  a s m a l l  a d j u s t m e n t  of t h e  
p r e - c a  I i b r a t e d  s c a l e .
6 . 2 . 4  P r e s s u r e  t r a n s d u c e r  c a l i b r a t i o n .
T h e  p r e s s u r e  t r a n s d u c e r  w a s  c a l i b r a t e d  t o  g i v e  0 t o  1 0  
v o l t s  o u t p u t  f o r  a p r e s s u r e  d i f f e r e n t i a l  c h a n g e  of  0 t o  1 0  
i n c h e s  w a t e r  g a u g e  ( 2 . 4 9 1  k P a ) .  T h i s  w a s  d o n e  by  s e t t i n g  0 
a n d  10 in w g .  on an i n c l i n e d  g a u g e  m a n o m e t e r  a n d  a d j u s t i n g  
t h e  ' s p a n '  a n d  ' z e r o '  p o t e n t i o m e t e r s  o n  t h e  d i f f e r e n t i a l  
p r e s s u r e  d e v i c e  t o  g i v e  a r e a d i n g  of 0 a n d  1 0  v o l t s  
r e s p e c t i v e l y .  T h e  q u o t e d  l i n e a r i t y  f o r  t h e  d e v i c e  is 0 . 5 %  
of t h e  ' s p a n '  s e t t i n g .
6 . 2 . 5  S t a n d a r d  a c c e l e r a t i o n  t e s t s .
T o  c h e c k  t h e  t h e o r e t i c a l  p r e m i s e  ( S e c t i o n  3 . 6 )  u s e d  to  
c a l c u l a t e  t h e  a p p l i e d  a c c e l e r a t i o n  it w a s  c a l i b r a t e d  u s i n g  
a B r u e l l  & K j a e r  a c c e l e r o m e t e r  w h i c h  w a s  p r e v i o u s l y  
c a l i b r a t e d .  T h e  w a v e  f o r m  w a s  o b s e r v e d  o n  a n  o s c i l l o s c o p e
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a n d  i n s t a n t a n e o u s  a c c e l e r a t i  
p e r s i s t e n c e  o s c i l l o s c o p e  sc 
p u r e l y  s i n u s o i d a l  b u t  s h o w e d  
t i m e .  T h e  f i r s t  p e a k  to 
m a x i m u m  a n d  a c a l i b r a t i o n  up 
d u e  to g r a v i t y  is s h o w n  i 
t h e  a c c e l e r a t i o n  r e s p o n s e  to
T h e  d u s t  l o a d e d  f i l t e r s  
s i n g l e  c y c l e  t e s t s  w e r e  
a c c e l e r a t i o n  e q u i p m e n t .
T h e  c l o t h  w a s  m o u n t e d  
d o w n f a c i n g  a n d  i n c r e a s i n g  
e x t e n d i n g  t h e  s p r i n g  b a l a n c e  
a n d  2 5 . 4  k g ) ,  in s t e p s  of 4 I b 
w a s  r e l e a s e d  s u d d e n l y  to g i v e  
of  0 to  14 in s t e p s  of 1 . 0 .  
a n d  w e i g h e d  a f t e r  e a c h  t e s t .
1 b.5
o n  v a l u e s  e s t i m a t e d  o n  t h e  l o n g  
r e e n .  T h e  w a v e f o r m  w a s  n o t  
p e a k s  w h i c h  d i m i n i s h e d  w i t h  
p e a k  v a l u e  w a s  t a k e n  as t h e  
to 10  t i m e s  t h e  a c c e l e r a t i o n  
n T a b l e  9 . 2 . 6 ,  F i g u r e  6 . 7  s h o w s  
b e  a c c u r a t e  to  w i t h i n  8% .
u s e d  f o r  S e r i e s  1 9  to  2 7  
e x a m i n e d  u s i n g  t h e  s t a n d a r d
w i t h  it s  d u s t y  s u r f a c e  
a c c e l e r a t i o n s  a p p l i e d  b y  
to  r e a d  b e t w e e n  0 a n d  56  lb (0 
( 1 . 8  k g ) .  T h e  s p r i n g  b a l a n c e  
d i m e n s i o n  I e s s  a c c e I e r a t i o n s  
T h e  f i l t e r  f r a m e  w a s  r e m o v e d
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Figure 6.7 Standard acceleration tests - calibration.
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6 . 2 . 6  The  e f f e c t  o f  f r e q u e n c y  on c l e a n i n g  e f f i c i e n c y  .
. I n  t h e  l i g h t  of p r e v i o u s  e x p e r i e n c e  a n d  u s i n g  t h e  
s t a g e  II a p p a r a t u s ,  t h r e e  f u r t h e r  s e r i e s  of t e s t s  w e r e  
c o n d u c t e d  t o  i n v e s t i g a t e  t h e  e f f e c t s  of  f r e q u e n c y  on 
c l e a n i n g  e f f i c i e n c y .  S e r i e s  1 t e s t s  w e r e  p e r f o r m e d  u n d e r  
t h e  c o n d i t i o n s  d e s c r i b e d  in T a b l e  9 . 3 . 2 .  S e r i e s  2 a n d  3
t e s t s  w e r e  p e r f o r m e d  u n d e r  s i m i l a r  c o n d i t i o n s  e x c e p t  f o r  a
3 -4h i g h e r  f i l t e r  f l o w  r a t e  of 1 . 8  ft / m i n  ( 8 . 4  x 10
m ^ / s )  in t h e  c a s e  of s e r i e s  2, a n d  a l o n g e r  c l e a n i n g
t i m e  of 60 s e c o n d s  in t h e  c a s e  of s e r i e s  3.
F i l t r a t i o n  w a s  a l l o w e d  to  p r o c e e d  f o r  3 0  m i n u t e s  
w h i l s t  d u s t  c o n c e n t r a t i o n  w a s  a u t o m a t i c a l l y  m a i n t a i n e d  at 
a p p r o x i m a t e l y  1 1 . 4  g / m ^  . C o n t i n u o u s  t o g g i n g  of  d u s t  
c o n c e n t r a t i o n  v a r i a t i o n s  a n d  f i l t e r  p r e s s u r e  d r o p  w e r e
a c h i e v e d  u s i n g  a c h a r t  r e c o r d e r .  D o w n  s t r e a m  d u s t
c o n c e n t r a t i o n  w a s  s a m p l e d  i s o k i n e t i c a l l y  o v e r  e a c h  3 0  
m i n u t e  c y c l e .
C y c l e s  w e r e  c o n t r o l l e d  a u t o m a t i c a l l y  a n d  c o n s i s t e d  of 
3 0  m i n u t e s  f i l t r a t i o n  , 3 0  s e c o n d s  in w h i c h  a l l  s y s t e m s
w e r e  s w i t c h e d  o f f  e x c e p t  f i l t r a t i o n  a i r  f l o w ,  f o l l o w e d  by  
3 0  s e c o n d s  of v i b r a t o r y  c l e a n i n g .  A f u r t h e r  3 0  s e c o n d s
p e r i o d  in w h i c h  a l l  s y s t e m s  w e r e  s w i t c h e d  o f f  a l l o w s
r e m o v e d  d u s t  to s e t t l e .  S i x  s u c h  c y c l e s  c o m p l e t e  e a c h
f r e q u e n c y  t e s t .  T h e  f i l t e r  c l o t h  w a s  t h e n  v a c u u m  c l e a n e d  
b e f o r e  t h e  n e x t  t e s t  at a d i f f e r e n t  f r e q u e n c y .
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6 . 2 . 7  T h e  e f f e c t  of i n c l i n a t i o n  o n  s t e a d y  s t a t e  p r e s s u r e  
d r o p .
S e r i e s  7 to 10  t e s t s  i n c l u s i v e  w e r e  d e s i g n e d  to 
i n v e s t i g a t e  t h e  e f f e c t  of f i l t e r  i n c l i n a t i o n  o n  l o n g  t e r m  
o p e r a t i o n .
S e r i e s  7 t e s t s  w e r e  p e r f o r m e d  u n d e r  t h e  c o n d i t i o n s
d e t a i l e d  in T a b l e  9 . 3 . 3 .  T h e  15 m i n u t e  f i l t r a t i o n  c y c l e s  
w e r e  c o n t i n u e d  f o r  a t o t a l  of  10  h o u r s  in e a c h  t e s t .
F i l t e r  i n c l i n a t i o n s  of 0 0 , + 4 5 0 a n d  + 3 0 °
( u p f a c i n g )  a n d  - 4 5 °  a n d  - 3 0 °  ( d o w n f a c i n g )  w e r e  
t e s t e d .  A l l  i n c l i n a t i o n s  a r e  m e a s u r e d  f r o m  t h e  v e r t i c a l  
p o s i t i o n .  V i b r a t i o n s  w e r e  a p p l i e d  in t h e  s a m e  m a n n e r  as 
t h e  p r e v i o u s  t e s t s ;  t h a t  is by s h a k i n g  t h e  w h o l e  f i l t e r  
s e c t i o n  in a m o d e  p a r a l l e l  t o  t h e  f i l t e r  s u r f a c e .  T h e
f r e q u e n c y  u s e d  f o r  t h e s e  t e s t s  w a s  a r e s o n a n t  c o n d i t i o n  in 
t h e  r e g i o n  of 5 4 4  H z .  T h e  f i l t e r  c l o t h  w a s  s u p p o r t e d  b y  3 
s t e e l  b a r s  a n d  1 / 8 "  ( 0 . 3 2  cm) p i t c h  s t a i n l e s s  s t e e l  w i r e
m e s h  m o u n t e d  at t h e  t o p  a n d  b o t t o m  of t h e  f r a m e  o n l y .
B e t w e e n  t e s t s  at d i f f e r e n t  i n c l i n a t i o n s  a s t a n d a r d  
c l e a n i n g  p r o c e d u r e  w a s  u s e d  w h i c h  i n v o l v e d  a s c a n  t h r o u g h  
a l l  f r e q u e n c i e s  in t h e  r a n g e  of i n t e r e s t .  T h i s  p r o c e d u r e  
w a s  u s e d  to a l l o w  r a p i d  t e s t i n g ,  a n d  t o  m i n i m i s e  t h e  n u m b e r  
of t i m e s  t h e  f i l t e r  e l e m e n t  w a s  r e m o v e d .
S e r i e s  8 t e s t s  w e r e  p e r f o r m e d  in a s i m i l a r  w a y  t o  
S e r i e s  7, t h o u g h  o n l y  o n e  b a r  p l u s  s t e e l  w i r e  m e s h  w a s  u s e d  
to  s u p p o r t  t h e  c l o t h ,  a n d  t h i s  w a s  v a c u u m  c l e a n e d  b e t w e e n
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t e s t s .  T h e  f r e q u e n c y  u s e d  w a s  a g a i n  a h i g h  f r e q u e n c y  
r e s o n a n c e  p o i n t  of 6 7 7  H z .
F i l t e r  m e m b r a n e  d a m a g e  o b s e r v e d  d u r i n g  t h e  p r e v i o u s
t e s t s  i n d i c a t e d  a n e e d  to c l e a n  b a c k  to s t a n d a r d  c o n d i t i o n s  
in a m o r e  g e n t l e  m a n n e r ,  y e t  m a i n t a i n  t h o r o u g h  c l e a n i n g  so 
t h a t  c o n s e c u t i v e  t e s t s  s h o u l d  be c o m p a r a b l e .  It w a s  n o t  
c o n s i d e r e d  d e s i r a b l e  to  u s e  a f r e s h  c l o t h  f o r  e a c h  t e s t  d u e  
to w i d e  v a r i a t i o n s  in v i b r a t i o n a l  r e s p o n s e  w i t h  s m a l l  
v a r i a t i o n s  in f r i c t i o n  c a u s e d  d u r i n g  r e a s s e m b l y .  It w a s
a l s o  f o u n d ,  d u r i n g  t h e  p r e v i o u s  t e s t s  t h a t  t h e  c o n n e c t i o n  
b e t w e e n  t h e  v i b r a t o r  s p i n d l e  a n d  t h e  s u p p o r t  b a r  w a s
s u b j e c t  t o  h i g h  s t r e s s e s  a n d  h a d  a t e n d e n c y  t o  w o r k  h a r d e n  
a n d  e v e n  to  b r e a k .  To  m i n i m i s e  t h e s e  v a r i a t i o n s  t h e  n e x t  
s e r i e s  of t e s t s  w e r e  c o m p l e t e d  u s i n g  t w o  f r e s h  c l o t h s
( S e r i e s  9 a n d  1 0 )  a n d  v i b r a t i o n s  w e r e  a p p l i e d  d i r e c t l y  t o  a 
1 / 8 "  ( 0 . 3 2  cm) p i t c h  s t a i n l e s s  s t e e l  w i r e  m e s h  m o u n t e d  
d i r e c t l y  b e h i n d  t h e  c l o t h .  T h i s  m e s h  a l s o  a c t e d  as a
s u p p o r t  g r i d  d u r i n g  f i l t r a t i o n  a n d  w a s  m o u n t e d  t o  t h e  c l o t h  
s u p p o r t  f r a m e  at t h e  t o p  a n d  b o t t o m  o n l y  t o  a l l o w  f r e e
v i b r a t i o n a l  m o v e m e n t .  T h e  m a i n  r e s o n a n t  f r e q u e n c y  f o r
t h e s e  c o n d i t i o n s  w a s  f o u n d  to be a p p r o x i m a t e l y  4 2  Hz a n d  
t h i s  f r e q u e n c y  w a s  u s e d  f o r  S e r i e s  9 a n d  10  t e s t s .
C l e a n i n g  b e t w e e n  t e s t s  w a s  by  g e n t l e  b r u s h i n g  t o
r e t u r n  t h e  c l o t h  to c l e a n  c o n d i t i o n  w i t h o u t  m e m b r a n e
d a m a g e .  An  e x t e n d e d  p e r i o d  of c l o t h  b r e a k - i n  w a s  u s e d  o n
a l l  t e s t s  so t h a t  i n i t i a l  c y c l e s  w e r e  n o t  b i a s e d  b y
s u p e r - c l e a n  i n i t i a l  c o n d i t i o n s .
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S e r i e s  16 to 1 8  t e s t s  w e r e  d e s i g n e d  t o  i n v e s t i g a t e  t h e  
e f f e c t  of f i l t e r  i n c l i n a t i o n  o n  f i l t e r  c l e a n i n g  in a 
s i m i l a r  m a n n e r  to S e r i e s  7 to 10. In t h i s  c a s e ,  h o w e v e r ,  
t h e  c o n d i t i o n s  u s e d  w e r e  as s h o w n  in T a b l e  9 . 3 . 5 .  A g a i n  it 
w a s  f o u n d  t h a t  c o n n e c t i o n s  b e t w e e n  t h e  v i b r a t o r  s p i n d l e  a n d  
t h e  f i l t e r  s u p p o r t  m e s h  t e n d e d  to f r a c t u r e  a f t e r  e x t e n d e d  
u s e .  T h e  f i l t e r  w a s  t h e r e f o r e  v i b r a t e d  u s i n g  a s p i n d l e  
c o n n e c t e d  d i r e c t l y  to t h e  c l o t h  a n d  m e s h  s u p p o r t .  
F i l t r a t i o n  c y c l e s  w e r e  c o n t r o l l e d  on  a m a x i m u m  p r e s s u r e  
d i f f e r e n t i a l  of 9 i n c h e s  w a t e r  g a u g e  ( 2 . 2 4  k P a ) .  T h e  
c l e a n i n g  f r e q u e n c y  u s e d  w a s  n o t  r e s o n a n t  b u t  w a s  f i x e d  at 
1 0 0  H z .  C y c l e s  w e r e  c o n t i n u e d  f o r  an e x t e n d e d  p e r i o d  of  20 
h o u r s .
T o  e l i m i n a t e  t h e  e f f e c t s  of c l o t h  b l i n d i n g  o r  a g e i n g  
b e t w e e n  t e s t s ,  a f r e s h  c l o t h  w a s  u s e d  e a c h  t i m e  a n d  r e s u l t s  
t a k e n  at a l i m i t e d  n u m b e r  of i n c l i n a t i o n  v a l u e s  ( i . e .  
+ 4 5 ° ,  0 °  a n d  - 4 5 °  o n l y ) .
T h e  e f f e c t  of c l o t h  t y p e  on  l o n g  t e r m  f i l t e r  p r e s s u r e  
d i f f e r e n t i a l  w a s  i n v e s t i g a t e d  u s i n g  S e r i e s  1 9  t o  2 7  t e s t s .  
T h e  f i l t e r  w a s  r u n  f o r  6 c y c l e s  w i t h  e a c h  c l o t h  u s i n g  t h e  
c o n d i t i o n s  s h o w n  in T a b l e 9 . 3 . 6 .
6 . 2 . 8  S i n g l e  c y c l e  t e s t s .
i) S e r i e s  12 t e s t s  - E f f e c t  of a c c e l e r a t i o n .
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T h e  p u r p o s e  of t h e  S e r i e s  12 t e s t s  w a s  to  i n v e s t i g a t e  
t h e  m e c h a n i s m  of d u s t  r e m o v a l .  A d u s t  c a k e  w a s  f i r s t  
form.ed u n d e r  s t a n d a r d  c o n d i t i o n s  s h o w n  in T a b l e 9 . 3 . 4 .  A 
s e t  a c c e l e r a t i o n  w a s  t h e n  a p p l i e d  d i r e c t l y  to  t h e  c l o t h  a n d  
m e a s u r e m e n t s  t a k e n  of c a k e  m a s s  r e m o v e d  (b y c o l l e c t i n g  t h e  
d i s p l a c e d  d u s t )  a n d  no t  r e m o v e d  (b y  c l e a n i n g  t h e  c a k e  o f f  
w i t h  a b r u s h  a n d  c o l l e c t i n g  t h e  d i s p l a c e d  d u s t ) .  T h e  
p r e s s u r e  d r o p  of t h e  f i l t e r  b e f o r e  a n d  a f t e r  a p p l y i n g  t h e  
s e t  a c c e l e r a t i o n  w a s  a l s o  m e a s u r e d .  T h i s  w a s  r e p e a t e d  f o r  
d i m e n s i o n l e s s  a c c e l e r a t i o n s  of 2 0 ,  1 5 ,  10 ,  7 . 5  a n d  5 ( t i m e s  
t h e  a c c e l e r a t i o n  d u e  to g r a v i t y ) ;  a n d  f r e q u e n c i e s  of  1 0 0 ,  
2 0 0 ,  50 a n d  1 5 0  Hz .
ii) S e r i e s  13 t e s t s  - E f f e c t  of i n c l i n a t i o n .
S e r i e s  13 t e s t s  w e r e  u s e d  to i n v e s t i g a t e  t h e  e f f e c t  of 
d e p o s i t i n g  a n d  c l e a n i n g  a f i l t e r  w h i c h  w a s  i n c l i n e d  t o  t h e  
v e r t i c a l ,  t h e  e f f e c t  of c l e a n i n g  t i m e  a n d  t h e  e f f e c t  of 
c a k e  l o a d  i n g .
T h e  c l o t h  w a s  a g e d  as b e f o r e ,  t h e n  s t a n d a r d  c a k e s  
f o r m e d  a n d  c l e a n e d  o f f  u n d e r  c o n t r o l l e d  c o n d i t i o n s .
S e r i e s  1 3 . 2  w a s  p e r f o r m e d  at an i n c l i n a t i o n  o f  
+ 4 5 °  a n d  c a k e s  c l e a n e d  o f f  u s i n g  v i b r a t i o n s  at 1 0 0  H z .
F i v e  t e s t s  w e r e  p e r f o r m e d  at 2 0 ,  1 5 ,  1 0 ,  7 . 5  a n d  5 t i m e s  g. 
T h i s  w a s  r e p e a t e d  f o r  S e r i e s  1 3 . 3  t e s t s ,  e x c e p t  t h a t  a 
f r e q u e n c y  of 2 0 0  Hz w a s  u s e d .
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S e r i e s  1 3 . 4  a g a i n  u s e d  a f r e q u e n c y  of 1 0 0  Hz b u t  t h e  
i n c l i n a t i o n  w a s  c h a n g e d  t o  - 4 5 ° .
S e r i e s  1 3 . 5  a n d  1 3 . 6  w e r e  u s e d  t o  i n v e s t i g a t e  t h e
e f f e c t  of c l e a n i n g  t i m e  on i n c l i n e d  c l o t h s  of 0 °  a n d
+ 4 5 °  i n c l i n a t i o n s  r e s p e c t i v e l y .
i i i )  S e r i e s  19 to 27  t e s t s  - e f f e c t  of c l o t h  t y p e .
At t h e  e n d  of t h e  l o n g  t e r m  t e s t s  e a c h  c l o t h  w a s  
c l e a n e d  u s i n g  c o m p r e s s e d  a i r  a n d  a c a k e  d e p o s i t e d  o n  t h e  
c l o t h  u s i n g  t h e  c o n d i t i o n s  d e s c r i b e d  in T a b l e  9 . 3 . 6 .  T h e
c l o t h  a n d  f r a m e  w a s  t h e n  r e m o v e d  f r o m  t h e  f i l t r a t i o n
e q u i p m e n t  w i t h  c a k e  i n t a c t  a n d  s u b j e c t e d  t o  a c c e l e r a t i o n s  
of 1 to 14 t i m e s  g ( a c c e l e r a t i o n  d u e  t o  g r a v i t y ) .  T h e
f r a m e  w a s  w e i g h e d  a f t e r  e a c h  t e s t  a n d  r e c o r d e d  a l o n g  w i t h
a c c e l e r a t i o n  d a t a  .
iv) S e r i e s  24 t e s t s
T h e  f i l t e r  c l o t h  u s e d  f o r  t e s t  24  w a s  r e - u s e d  to  
i n v e s t i g a t e  t h e  e f f e c t s  of i n c l i n a t i o n ,  f i l t r a t i o n  
v e l o c i t y ,  d u s t  c o n c e n t r a t i o n  a n d  c a k e  l o a d i n g  o n  c a k e  
r e m o v a l  f o r c e s  a n d  s p e c i f i c  c a k e  r e s i s t a n c e .  T h e  t e s t
c o n d i t i o n s  a r e  s h o w n  in T a b l e  9 . 3 . 7  a n d  t h e  r e s u l t s  a r e
s h o w n  in T a b l e s  9 . 4 . 2 0  to  3 1 .
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6 . 2 . 9  Cake  p r o p e r t y  s t u d y .
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T h e  s p e c i f i c  c a k e  r e s i s t a n c e  is n o r m a l l y  c a l c u l a t e d
f r o m  t h e  i n c r e m e n t a l  p r e s s u r e  d i f f e r e n c e  d u e  t o  t h e  
a d d i t i o n  of an i n c r e m e n t a l  d u s t  m a s s  w h i c h  is a s s u m e d  to b e  
e v e n l y  d i s t r i b u t e d  o v e r  t h e  w h o l e  f i l t e r  s u r f a c e .  T h e  d u s t  
d e p o s i t i o n  r a t e  is d e p e n d e n t  o n  t h e  d u s t  c o n c e n t r a t i o n  in 
c l o s e  p r o x i m i t y  to  t h e  f i l t e r  s u r f a c e .  T h e  c o r r e c t  m e t h o d  
( f o r  t h e  p u r p o s e s  of s t u d y i n g  t h e  f i l t r a t i o n  p r o p e r t i e s  o f  
t h e  f i l t e r  c a k e )  to d e t e r m i n i n g  d u s t  c o n c e n t r a t i o n  
t h e r e f o r e  is to w e i g h  t h e  d u s t  c o l l e c t e d  f r o m  t h e  s u r f a c e  
a n d  c a l c u l a t e  t h e  v a l u e  b a s e d  on  t h i s  a n d  t h e  t o t a l
f i l t r a t i o n t i m e .
T h e  s p e c i f i c  c a k e  r e s i s t a n c e  (r) w a s  t h e r e f o r e
c a l c u l a t e d  f r o m  d a t a  w h i c h  w a s  c o l l e c t e d  f o r  t h e  p u r p o s e s  
of f a b r i c  c l e a n i n g  s t u d i e s ,  i . e .  s t e a d y  s t a t e  s l o p e  of  t h e  
p r e s s u r e  d i f f e r e n c e - t i m e  r e c o r d  ( s ) ,  t o t a l  f i l t r a t i o n  t i m e  
( t ) ,  t o t a l  c o l l e c t e d  d u s t  m a s s  ( m ) ,  f i l t e r  a r e a  (A) a n d  
s u p e r f i c i a l  f i l t r a t i o n  v e l o c i t y  ( v ) .
r -  s t A   3 . 6 2
mv
A c a k e  w a s  d e p o s i t e d  u s i n g  t h e  c o n d i t i o n s  s h o w n  in 
T a b l e  9 . 3 . 4  a n d  t h e  c l o t h  r e m o v e d  w i t h  c a k e  i n t a c t .  T h e  
s t a n d a r d  a c c e l e r a t i o n  t e s t s  t h e n  p r o d u c e d  d a t a  o n  d u s t  m a s s  
c o l l e c t e d  a n d  t h i s ,  in c o n j u n c t i o n  w i t h  d a t a  f r o m  t h e  
p r e s s u r e  d r o p  t i m e  c u r v e ,  g a v e  i n d i v i d u a l  v a l u e s  f o r  
s p e c i f i c  c a k e  r e s i s t a n c e
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6 . 3  P i l o t  p l a n t
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Th.e p i l o t  p l a n t  d e s c i b e d  in S e c t i o n  5 . 5  w a s  d e s i g n e d  to  
s t u d y  t h e  f e a s a b i l i t y  of a f u l l  s i z e  f l a t  i n c l i n e d  f a b r i c  
f i l t e r ,  a n d  to  s t u d y  t h e  r a n g e  of t h e  o p e r a t i n g  p a r a m e t e r s  
u n d e r  w h i c h  s u c h  a p l a n t  m a y  be u s e d .
T h e  p n e u m a t i c  v i b r a t o r  u s e d  on  t h e  p i l o t  p l a n t  m a y  be  
o p e r a t e d  u n d e r  v a r i o u s  c o n d i t i o n s  to  a l l o w  r e s p o n s e  p a r a m e t e r s  
to be v a r i e d  w i t h i n  a v e r y  l i m i t e d  r a n g e .  T h i s  is a c h i e v e d  
p r i m a r i l y  by c h a n g i n g  t h e  a i r  s u p p l y  p r e s s u r e  a n d  by  l o a d i n g  
t h e  v i b r a t o r  w i t h  e x t r a  w e i g h t s .  T h e  v i b r a t o r  m a y  a l s o  be 
m o u n t e d  on it s p i s t o n  or on i t s  b a s e  t h o u g h  t h e  m a i n  e f f e c t  of 
t h i s  is o n l y  to c h a n g e  t h e  v i b r a t i n g  m a s s .  T a b l e  9 . 2 . 7  s h o w s  
c a l i b r a t i o n s  w i t h  a n d  w i t h o u t  f i l t e r s  c o n n e c t e d ,  at a n g l e s  of 
0 °  a n d  4 5 ° ,  a n d  f o r  s u p p l y  p r e s s u r e s  of 0 t o  6 . 7  b a r  
( 6 7 0  k P a ) . F i g u r e s  6.8 to 6 . 1 0  s h o w  t h e s e  c a l i b r a t i o n s  of 
f r e q u e n c y ,  a c c e l e r a t i o n  a n d  d i s p l a c e m e n t  r e s p e c t i v e l y  w i t h  
v i b r a t o r  s u p p l y  p r e s s u r e .  F r e q u e n c y  a n d  a c c e l e r a t i o n  w e r e  
m e a s u r e d  on t h e  v i b r a t o r  i t s e l f  u s i n g  an  a c c e l e r o m e t e r ,  a n d  
d i s p l a c e m e n t  is m e a s u r e d  on  t h e  c l o t h  s u r f a c e  at a c e n t r a l  
p o s i t i o n  a p p r o x i m a t e l y  t w o  t h i r d s  up t h e  c l o t h .
So t h a t  t h e  f i l t e r  a i r / c l o t h  r a t i o  c o u l d  b e  e a s i l y  s e t ,  a 
f i x e d  pi t o t  w a s  c a l i b r a t e d  a g a i n s t  a pi t o t  t r a v e r s e .  D u r i n g  
a l l  t h e  t e s t s  d e s c r i b e d  h e r e  t h e  a i r / c l o t h  r a t i o  ( s u p e r f i c i a l  
f i l t r a t i o n  v e l o c i t y )  w a s  m a i n t a i n e d  at a p p r o x i m a t e l y  4 f t / m i n  
( 0 . 0 2 0 3  m / s ) .  F i f t e e n  k i l o g r a m m e s  of d u s t  w e r e  f e d  t o  t h e  
f i l t e r  u s i n g  a t o p  f e e d  p n e u m a t i c  d u s t  i n j e c t o r .  T h e  f i l t e r  
p r e s s u r e  d r o p  w a s  m o n i t o r e d  w h i l s t  t h e  d u s t  w a s  b e i n g  f e d  t o
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t h e  f i l t e r .  T h e  d u s t  c a t c h p o t  w a s  t h e n  r e m o v e d  a n d  t h e  m a s s  
of  d u s t  w h i c h  d i d  n o t  r e a c h  t h e  f i l t r a t i o n  s u r f a c e  d u e  t o  d r o p  
o u t ,  wa's w e i g h e d .  T e s t  v i b r a t i o n s  of 1 , 3  a n d  5 t i m e s  g w e r e  
a p p l i e d  f o r  a p e r i o d  of 40  s e c o n d s  a n d  t h e  d u s t  r e m o v e d  w a s  
c o l l e c t e d  a n d  w e i g h e d .  T h e  a i r  f l o w r a t e  w a s  t h e n  r e - a p p l i e d  
a n d  t h e  p r e s s u r e  d r o p  w a s  a g a i n  r e c o r d e d .
A s t a n d a r d  c l e a n i n g  c y c l e  of m a x i m u m  c l e a n i n g  ■ i n t e n s i t y  
( 6 . 7  b a r  s u p p l y  p r e s s u r e  a n d  7 . 7 2  kg a t t a c h e d  w e i g h t )  w a s  
a p p l i e d  f o r  3 0  s e c o n d s  b e t w e e n  t e s t s .
Fr
eq
ue
nc
y 
(H
z)
144
Figure 6.8 Pilot plant pneumatic vibrator frequency
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7 R e s u l t s  and D i s c u s s i o n .
7 . 1  The,  e f f e c t s  o f  f r e q u e n c y  on f i l t e r  c l e a n i n g .
P r e v i o u s  i n v e s t i g a t i o n s  h a v e  p r o v i d e d  s o m e  e v i d e n c e  f o r  a 
r e l a t i o n s h i p  b e t w e e n  f i l t e r  c l e a n i n g  e f f i c i e n c y  a n d  v i b r a t i o n  
f r e q u e n c y .  T h e  i n v e s t i g a t i o n s  w h i c h  a r e  p e r t i n e n t
C 1 0 , 1 1 , 1 2 , 1 9 3  h a v e  b e e n  p e r f o r m e d  m a i n l y  on b a g  f i l t e r s  u s i n g  
l o w  ( 2 - 1 5  Hz ) f r e q u e n c i e s .  F e w  i n v e s t i g a t i o n s  h a v e  r e p o r t e d  
r e s u l t s  at f r e q u e n c i e s  a b o v e  1 0 0  Hz on d i r e c t  c o u p l e d
v i b r a t o r y  c l e a n e d  f i l t e r s ;  i . e .  on  f i l t e r s  w h i c h  a r e  n o t  
v i b r a t e d  by  s o n i c  m e t h o d s .  T h e  u s e  of s u c h  low f r e q u e n c i e s  o n
b a g  f i l t e r s  m e a n s  t h a t  t h e  e n v e l o p e  s h a p e  of v i b r a t i o n  is
n o r m a l l y  s t a b l e  a n d  d o e s  n o t  c h a n g e  s i g n i f i c a n t l y  w i t h  s m a l l  
c h a r g e s  in c a k e  m a s s .  S u c h  f i l t e r s  m a y  b e  o p e r a t e d  at
r e s o n a n t  c o n d i t i o n s  , i . e .  w h e n  v i b r a t i o n  w a v e s  r e i n f o r c e  e a c h  
o t h e r  a n d  p r o d u c e  s t a n d i n g  w a v e s .  T h e  h i g h e s t  f r e q u e n c y  at 
w h i c h  a b a g  f i l t e r  m a y  be c l e a n e d  is d e p e n d e n t  o n  t h e  l e n g t h  
of t h e  b a g  a n d  t h e  d e g r e e  of d a m p i n g  in t h e  f i l t e r  m a t e r i a l  
a n d  i t s  s u p p o r t ,  a n d  a l s o  t h e  m a x i m u m  a m p l i t u d e  at w h i c h  t h e  
v i b r a t i o n s  m a y  be i n d u c e d .  T h i s  l i m i t s  t h e  p r o p o r t i o n  o f  t h e  
b a g  to  w h i c h  m o t i o n  is t r a n s m i t t e d .
T h e  u s e  of f l a t  f i l t e r s  v i b r a t e d  at h i g h  f r e q u e n c i e s  
a l l o w s  a g r e a t e r  r a n g e  of v i b r a t i o n  m o d e s .  At  h i g h
f r e q u e n c i e s  t h e  r e l a t i v e  d i f f e r e n c e  b e t w e e n  r e s o n a n t  
f r e q u e n c i e s  is s m a l l .  T h i s  is b e c a u s e  m a n y  m o d e s  of  v i b r a t i o n  
a r e  p o s s i b l e  o n  a c o m p l e x  s t r u c t u r e  s u c h  as a f l a t  p l a t e .
S m a l l  v a r i a t i o n s  in c a k e  m a s s  or  r i g i d i t y  c a n ,  t h e r e f o r e ,
i n d u c e  a v a r i e t y  of v i b r a t i o n  m o d e s  as c l e a n i n g  p r e c e d e s .
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V i b r a t i o n s  m a y  be i n d u c e d  b y  e i t h e r  d i r e c t l y  s h a k i n g  t h e  
f i l t e r  m e m b r a n e  in a s i m i l a r  m a n n e r  to  t h e  m e t h o d s  n o r m a l l y  
u s e d  i n  b a g  f i l t e r s ,  or  by s h a k i n g  t h e  w h o l e  f i l t e r  f r a m e .  
T h e  r e s o n a n t  f r e q u e n c i e s  of t h e s e  t w o  s y s t e m s  a r e  d i f f e r e n t  
a n d  s h o u l d  n o t  be  c o n f u s e d .  W h e n  t h e  f i l t e r  m e m b r a n e  is 
v i b r a t e d  d i r e c t l y  t h e  r e s o n a n t  f r e q u e n c i e s  a r e  d e p e n d e n t  u p o n  
f a c t o r s  s u c h  as m e m b r a n e  m a s s ,  t e n s i o n  a n d  d i m e n s i o n s ;  w h i l s t  
t h e  r e s o n a n t  f r e q u e n c i e s  i n v o l v e d  w h e n  v i b r a t i n g  t h e  w h o l e  
f i l t e r  f r a m e  a r e  d e p e n d e n t  u p o n  t h e  r e s o n a n t  f r e q u e n c i e s  of 
b o t h  t h e  m a s s  a n d  m o u n t i n g  r i g i d i t y  of  t h e  f i l t e r  f r a m e .  In 
t h e  l a t t e r  c a s e ,  h o w e v e r ,  t h e  r e s o n a n t  f r e q u e n c i e s  of w h o l e  
f i l t e r  v i b r a t i o n  a n d  m e m b r a n e  v i b r a t i o n  a r e  i n t e r d e p e n d e n t .  
In o t h e r  w o r d s ,  a f i l t e r  f r a m e  v i b r a t e d  as a w h o l e  a n d  
s u s p e n d e d  by a f l e x i b l e  m o u n t i n g  m a y  a l l o w  e x c i t a t i o n  at a 
r e s o n a n t  f r e q u e n c y  of t h e  m e m b r a n e  i t s e l f .  A m e m b r a n e  
v i b r a t e d  d i r e c t l y ,  h o w e v e r ,  is r e g a r d e d  as a r i g i d l y  ' c l a m p e d '  
s y s t e m .  As s h o w n  in S e c t i o n  3 . 2 . 3  s u c h  a d a m p e d  m e m b r a n e  m a y  
b e  e x c i t e d  to v i b r a t e  at r e s o n a n t  c o n d i t i o n s  g i v e n  b y  e q u a t i o n  
3 . 3 4 .
As d i s c u s s e d  in C h a p t e r  3 t h e  r e m o v a l  of  a f i l t e r  c a k e  is
d e p e n d e n t  o n  t h e  f o r c e  e x p e r i e n c e d  b y  t h e  c a k e ;  t h i s  is o n l y
d e p e n d e n t  u p o n  c a k e  m a s s  a n d  a c c e l e r a t i o n .  A f i l t e r  e l e m e n t  
m a y  n o t  e x p e r i e n c e  a u n i f o r m  a c c e l e r a t i o n  o v e r  t h e  w h o l e  of
it s s u r f a c e  a n d  t h e  c a k e  m a s s  m a y  n o t  be  u n i f o r m .  C a k e
r e m o v a l  is , t h e r e f o r e ,  d e p e n d e n t  u p o n  t h e  l o c a l i s e d  a r e a l  
f o r c e  g e n e r a t e d .  T h e  a c c e l e r a t i o n  of a n y  p o i n t  v i b r a t i n g  o n
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t h e  f i l t e r  s u r f a c e  i s  g i v e n  by ( S e c t i o n  3 . 2 . 1 ) : -
3 . 1 2
At c o n s t a n t  a m p l i t u d e  t h e  a c c e l e r a t i o n  v a r i e s  w i t h  t h e  
s q u a r e  of t h e  v i b r a t i o n  f r e q u e n c y .
T h e  t r a n s m i s s i o n  of v i b r a t i o n s  h a s  b e e n  d i s c u s s e d  in 
S e c t i o n  3 . 2 . 4 .  E q u a t i o n  3 . 5 2  s h o w s  t h a t  t h e  e n e r g y  l o s s e s  d u e  
to v i s c o u s  f o r c e s  is p r o p o r t i o n a l  t o  t h e  v i b r a t i o n  f r e q e n c y  
r a i s e d  to t h e  p o w e r  of - 3 ,  i . e .  :-
d e c r e a s e d  d r a m a t i c a l l y  at h i g h  f r e q u e n c i e s .
T h e  e f f e c t s  of t h e  f r e q u e n c y  of t h e  v i b r a t i o n  u s e d  d u r i n g  
c l e a n i n g  on c a k e  r e m o v a l  is t h e r e f o r e  a t h r e e  w a y  p r o c e s s .
i) T h e  a c c e l e r a t i o n  of a n y  p o i n t  o n  t h e  f i l t e r  s u r f a c e  
w h i c h  is v i b r a t i n g  s i n u s o i d a l l y  is d e p e n d e n t  o n  t h e  v i b r a t i o n  
f r e q u e n c y .
ii) T h e  d e v e l o p m e n t  of s t a n d i n g  w a v e s  at r e s o n a n t  
f r e q u e n c i e s  is v e r y  s e n s i t i v e  to  s m a l l  v a r i a t i o n s  in 
f r e q u e n c y .
3 . 5 2
D a m p i n g  d u e  to v i s c o u s  f o r c e s ,  t h e r e f o r e ,  m a y  be
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- H i )  T h e  e n e r g y  L o s s e s  d u e  to v i s c o u s  d r a g  on  a v i b r a t i n g  
m e m b r a n e  a r e  d e p e n d e n t  u p o n  f r e q u e n c y .
T h e  o p t i m i s a t i o n  of v i b r a t i o n  f r e q u e n c y  is n o t ,
\
t h e r e f o r e ,  a s i m p l e  p r o c e s s ,  e s p e c i a l l y  w h e n  v i b r a t i n g  e i t h e r  
f i l t e r  b a g s  or d a m p e d  m e m b r a n e s  in w h i c h  f l e x u r e  of t h e  
f i l t r a t i o n  m a t e r i a l  is a f u n d a m e n t a l  p r o c e s s  f o r  c a k e  r e m o v a l .  
As b e f o r e ,  at a c o n s t a n t  a m p l i t u d e ,  it c a n  be  s e e n  f r o m  
E q u a t i o n  3 . 1 2  t h a t  t h e  a c c e l e r a t i o n  at a n y  p o i n t  o n  t h e
m e m b r a n e  is d e p e n d e n t  u p o n  f r e q u e n c y  r a i s e d  t o  t h e  p o w e r  of 2 . 
A l s o  f r o m  E q u a t i o n  3 . 5 2 ,  d a m p i n g  is d e p e n d e n t  u p o n  f r e q u e n c y  
r a i s e d  to t h e  p o w e r  of - 3 .  H i g h  f r e q u e n c y  v i b r a t i o n  i s ,
t h e r e f o r e ,  b e n e f i c i a l  f o r  t h e  p u r p o s e s  of c a k e  c l e a n i n g  a n d  
v i b r a t i o n  t r a n s m i s s i o n .  E q u a t i o n  3 . 3 4  i n d i c a t e s  t h a t  t h e  
f u n d a m e n t a l  r e s o n a n t  f r e q u e n c y  m a y  be i n c r e a s e d  b y  i n c r e a s i n g  
t h e  m e m b r a n e  t e n s i o n  a n d  b y  a r e d u c t i o n  in t h e  m e m b r a n e  m a s s .  
T h i s  e q u a t i o n  a l s o  a l l o w s  t h e  c a l c u l a t i o n  of n o n - f u n d a m e n t a l  
r e s o n a n t  f r e q u e n c i e s .  S u c h  f r e q u e n c i e s  a l l o w  t h e  e x c i t a t i o n  
of r e s o n a n t  f r e q u e n c i e s  in w h i c h  n o d e s  o r  l i n e s  of z e r o  
a m p l i t u d e  e x i s t  w i t h i n  t h e  m e m b r a n e  b o u n d a r y .  ( i . e .  h a r m o n i c  
f r e q u e n c i e s . )
T h e  r e m o v a l  of f i l t e r  c a k e  d e p e n d s  on t h e  d e v e l o p m e n t  of 
s t r e s s e s  w i t h i n  t h e  c a k e  w h i c h  a r e  in e x c e s s  of t h e  f o r c e  
h o l d i n g  it to  t h e  f i l t e r  m e d i u m .  S u c c e s s f u l  c l e a n i n g  
t h e r e f o r e  d e p e n d s  on i n d u c i n g  s u c h  a c l e a n i n g  s t r e s s  o v e r  t h e  
w h o l e  f i l t e r  s u r f a c e .  F o r  a f l a t  f i l t e r  v i b r a t i n g  in i t s  
f u n d a m e n t a l  m o d e  t h e  f i l t e r  a r e a  w h i c h  e x p e r i e n c e s  a c l e a n i n g  
s t r e s s  in e x c e s s  of t h a t  r e q u i r e d  f o r  c a k e  r e m o v a l  d e p e n d s  u p o n
t h e  d i s t r i b u t i o n  o f . c a k e  m a s s  o v e r  t h e  f i l t e r  s u r f a c e ,  t h e
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s h a p e  of t h e  v i b r a t i o n  d i s p l a c e m e n t  a n d  t h e  p e a k  a c c e l e r a t i o n  
at t h e  c e n t r e  of t h e  f i l t e r .  T h e  a r e a l  c a k e  m a s s  is a s s u m e d  
to be . c o n s t a n t  a n d  u n i f o r m  a n d  t h e  s h a p e  of t h e  v i b r a t i o n  is 
a s s u m e d  to be s i n u s o i d a l .  In t h e  c a s e  of n o n - f u n d a m e n t a l  
r e s o n a n t  f r e q u e n c i e s  t h e  s a m e  a s s u m p t i o n s  a p p l y ,  e x c e p t  t h a t  
in t h i s  c a s e  t h e r e  a r e  a n u m b e r  of p o i n t s  of p e a k  a c c e l e r a t i o n  
w h i c h  m a y  n o t  o c c u r  at t h e  c e n t r e  of t h e  f i l t e r .  L i n e s  of 
z e r o  d i s p l a c e m e n t  a l s o  o c c u r .  S i n c e  t h e  f r e q u e n c y  w i l l  n o w  b e  
h i g h e r  t h a n  t h e  f u n d a m e n t a l ,  t h e n  t h e  d i s p l a c e m e n t  r e q u i r e d  to 
p r o d u c e  an e q u i v a l e n t  p e a k  a c c e l e r a t i o n  w i l l  b e  l o w e r .  T h e  
c o m p a r i s o n  of f u n d a m e n t a l  a n d  n o n - f u n d a m e n t a l  r e s o n a n t  
f r e q u e n c i e s ,  in t e r m s  of c a k e  a r e a  e x p e r i e n c i n g  a h i g h  e n o u g h  
s t r e s s  f o r  c a k e  r e m o v a l ,  is n o t  a s i m p l e  o n e .
T h e  e f f e c t  of f r e q u e n c y  on f i l t e r  c l e a n i n g  e f f i c i e n c y  w a s
d e t e r m i n e d  e x p e r i m e n t a l l y  on b o t h  t h e  S t a g e  I a n d  t h e  S t a g e  II 
e q u i p m e n t .
i) S t a g e  I t e s t s .
D u r i n g  t h e  S t a g e  I t e s t  p r o g r a m m e ,  n o  e q u i p m e n t  w a s
a v a i l a b l e  f o r  t h e  m e a s u r e m e n t  of d i s p l a c e m e n t  o r  a c c e l e r a t i o n  
of t h e  v i b r a t e d  f i l t e r .  T h e  m a x i m u m  a m p l i f i e r  o u t p u t  w a s  u s e d  
a n d ,  t h e r e f o r e ,  t h e  a c c e l e r a t i o n  r e s p o n s e  m a y  b e  e s t i m a t e d  
u s i n g  t h e  v i b r a t i o n  n o m o g r a p h  s u p p l i e d  b y  t h e  e q u i p m e n t
m a n u f a c t u r e r .  T h i s  p r o c e d u r e  d o e s  n o t ,  h o w e v e r ,  t a k e  i n t o  
a c c o u n t  t h e  e x i s t e n c e  of r e s o n a n t  f r e q u e n c i e s .
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T h e  v i b r a t i o n  n o m o g r a p h  s h o w n  in F i g u r e  7 . 6  r e l a t e s  
v i b r a t i o n  f r e q u e n c y  to v e l o c i t y ,  a c c e l e r a t i o n  a n d
d i s p l a c e m e n t .  In a d d i t i o n  t h e  r e s p o n s e  of t h e  v i b r a t o r ,  w h e n  
c a r r y i n g  t h r e e  p a y l o a d  v a l u e s ,  is s h o w n .  T h e  v a l u e  of 
a c c e l e r a t i o n  at e a c h  of t h e s e  p a y l o a d s  m a y  b e  d e t e r m i n e d  f r o m  
t h i s  g r a p h  f o r  a l l  f r e q u e n c i e s  w i t h i n  t h e  r a n g e  of  t h e  
e q u i p m e n t .  By  p l o t t i n g  t h e  p a y l o a d  m a s s  a g a i n s t  t h e  
r e c i p r o c a l  of r e s p o n s e  a c c e l e r a t i o n  ( F i g u r e  7 . 7 ) ,  a n d  
e x t r a p o l a t i n g  t h e  g r a p h  l i n e a r l y  to t h e  a c t u a l  f i l t e r  m a s s  
( 4 . 5  k g ) ,  an e s t i m a t e  of f i l t e r  a c c e l e r a t i o n  a n d  d i s p l a c e m e n t  
m a y  be m a d e  at a l l  f r e q u e n c i e s .
T h e  r e s u l t s  of t h e s e  t e s t s  a r e  s h o w n  in F i g u r e  7 . 1 .  T h i s  
g r a p h  s h o w s  t h e  f i l t e r  c l e a n i n g  e f f i c i e n c y  (rj) at
f r e q u e n c i e s  in t h e  r a n g e  5 0  - 2 0 0 0  Hz f o r  a f i l t e r  f r a m e
v i b r a t e d  as a w h o l e  in a d i r e c t i o n  p a r a l l e l  t o  t h e  f i l t e r  
s u r f a c e  w h i c h  is o r i e n t a t e d  in a v e r t i c a l  m o d e .
T h e  c l e a n i n g  e f f i c i e n c y  is d e f i n e d  in t e r m s  of f i l t e r  
p r e s s u r e  d r o p  as f o l l o w s
C l e a n i n g  e f f i c i e n c y  ( n  ) = A P  , - AP  ,I C 3 K 0 C L 0 d n
AP  . - A P  c a k e  n e w
T h e  c l e a n i n g  e f f i c i e n c y  of t h e  l a s t  f o u r  f i l t r a t i o n
c y c l e s  of a s i x  c y c l e  t e s t  a r e  s h o w n ,  t o g e t h e r  w i t h  t h e i r  m e a n
v a l u e .  T h i s  g r a p h  ( F i g u r e  7. 1 ) s h o w s  t h a t  f r e q u e n c i e s  in t h e
r a n g e  of 7 0 0  to 1 3 0 0  Hz g i v e  a m e a n  c l e a n i n g  e f f i c i e n c y  in t h e
r a n g e  7 8  to 8 5 % ,  t h e  o p t i m u m  f r e q u e n c y  b e i n g  7 0 0  H z .  At l o w
f r e q u e n c i e s  ( b e l o w  1 0 0  Hz) t h e  m e a n  c l e a n i n g  e f f i c i e n c y
d i m i n i s h e s  to a p p r o x i m a t e l y  6 5 %  w h i l s t  at v e r y  h i g h
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f r e q u e n c i e s  ( 1 9 0 0  H z )  it c a n  be as low as 1 8 %  . T h e s e  r e s u l t s
a l s o  s h o w  a l a r g e  r a n g e  in t h e  c a k e  c l e a n i n g  e f f i c i e n c y  o v e r
t h e  f o u r  f i l t r a t i o n  c y c l e s ,  e s p e c i a l l y  at v e r y  h i g h  v i b r a t i o n  
f r e q u e n c i e s .  T h i s  p h e n o m e n o n  is p r o b a b l y  d u e  t o  a b u i l d - u p  of 
c a k e  w i t h  t i m e .  S i n c e  t h e s e  t e s t s  w e r e  p e r f o r m e d  u s i n g  
f i l t r a t i o n  c y c l e s  b a s e d  on a f i l t r a t i o n  p e r i o d  of 3 0  m i n u t e s ,  
t h e n  a n y  c a k e  w h i c h  is n o t  r e m o v e d  d u r i n g  c l e a n i n g  w i l l  
i n c r e a s e  in t h i c k n e s s  u n t i l  it is e i t h e r  r e m o v e d  d u r i n g  
c l e a n i n g ,  o r  f i l t e r  b l o c k a g e  o c c u r s  to  an e x t e n t  t h a t  f u r t h e r  
c a k e  f o r m a t i o n  is i n h i b i t e d  in t h a t  a r e a .
A f u r t h e r  s e r i e s  of t e s t s  w e r e  p e r f o r m e d  u n d e r  s i m i l a r
c o n d i t i o n s ,  e x c e p t  t h a t  t h e  v i b r a t i o n s  in t h i s  c a s e  w e r e  
a p p l i e d  in a d i r e c t i o n  p e r p e n d i c u l a r  to t h e  f i l t e r  s u r f a c e .
T h e  f i l t e r  w a s  a g a i n  o r i e n t a t e d  v e r t i c a l l y .  F i g u r e  7 . 2  s h o w s
t h e  r e s u l t s  of t h e s e  t e s t s .  In t h i s  c a s e  t h e  f r e q u e n c i e s  at 
w h i c h  m a x i m u m  c l e a n i n g  o c c u r s  a r e  in t h e  r e g i o n  o f  2 0 0  t o  3 0 0  
Hz w h e n  t h e  c l e a n i n g ’ e f f i c i e n c y  is a p p r o x i m a t e l y  8 7 . 5 % .  A g a i n  
t h e  e f f i c i e n c y  d i m i n i s h e s  at h i g h  f r e q u e n c i e s  , a l t h o u g h  at 
f r e q u e n c i e s  of 1 0 0 0  a n d  1 7 0 0  Hz t h e r e  a r e  d e v i a t i o n s  f r o m  t h e
g e n e r a l  t r e n d .  R e p e a t  t e s t  at f r e q u e n c i e s  of  7 0 0  a n d  1 0 0 0  Hz
h o w e v e r  s h o w  a l a r g e  v a r i a t i o n  f r o m  t h e  o r i g i n a l  r e s u l t  at 
1 0 0 0  H z .  T h i s  is p r o b a b l y  d u e  to  a r e s o n a n t  f r e q u e n c y  in t h e  
r e g i o n  of 1 0 0 0  Hz w h i c h  m a y  be e x c i t e d  by  s m a l l  c h a n g e s  in
e i t h e r  t h e  f i l t e r  m a s s  or s u s p e n s i o n  a n d  a m p l i f i e r
c h a r a c t e r i s t i c s .  G e n e r a l l y ,  h o w e v e r ,  t h e  r e s u l t s  of  t h e s e  
t e s t s  s h o w  f i l t e r  c l e a n i n g  e f f i c i e n c i e s  w h i c h  a r e  
s i g n i f i c a n t l y  l o w e r  t h a n  t h o s e  o b t a i n e d  w h e n  v i b r a t i o n s  w e r e
i m p o s e d  p a r a l l e l  to t h e  f i l t e r  s u r f a c e .  T h i s  w a s  m o s t
p r o b a b l y  d u e  to t h e  a d d i t i o n a l  m a s s  i m p o s e d  o n  t h e  s y s t e m  b y
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t h e  m o d i f i e d  f i l t e r  m o u n t i n g  f r a m e ,  s h o w n  in F i g u r e  5 . 4 ,  w h i c h  
w a s  n e c e s s a r y  in o r d e r  to a l l o w  h o r i z o n t a l  v i b r a t i o n  of t h e  
f i Iter..
ii) S t a g e  II t e s t s .
B e f o r e  a n y  f u r t h e r  t e s t s  w e r e  a t t e m p t e d  o n  t h e  S t a g e  II 
e q u i p m e n t  a r e p e a t  s e r i e s  of t e s t s  w e r e  u n d e r t a k e n  ( S e r i e s  1 . 4  
to  1 .8 ), to  e n a b l e  a c o m p a r i s o n  to  be  m a d e  b e t w e e n  t h e  n e w
e q u i p m e n t  a n d  t h e  o l d .  As t h e  f l y a s h  d u s t  t o  be  u s e d  o n  t h e
n e w  e q u i p m e n t  h a d  a s i g n i f i c a n t l y  s m a l l e r  m e a n  p a r t i c l e  s i z e  
t h a n  t h e  p r e c i p i t a t e d  c h a l k ,  t h e  t e s t  c o n d i t i o n s  w e r e  
o b v i o u s l y  n o t  e x a c t l y  c o m p a r a b l e .  A l o w e r  f i l t e r  f l o w r a t e  w a s
u s e d  so t h a t  t h e  f i l t e r  p r e s s u r e  d r o p  d i d  n o t  r e a c h  e x c e s s i v e
v a l u e s ,  a n d  t h e  f i l t e r  c l e a n i n g  t i m e  w a s  e x t e n d e d  t o  3 0  
s e c o n d s .
A c o m p r e h e n s i v e  s e r i e s  of t e s t s  w e r e  a l s o  u s e d  t o  
c h a r a c t e r i s e  t h e  f r e q u e n c y  r e s p o n s e  of t h e  f i l t e r  s e c t i o n .  
F i r s t l y ,  t h e  v i b r a t o r  i t s e l f  w a s  c h e c k e d  as s h o w n  in F i g u r e  
7 . 8 .  T h e  f r e q u e n c y  r e s p o n s e  w a s  f o u n d  to a g r e e  c l o s e l y  w i t h  
t h e  n o m o g r a p h  s u p p l i e d  by t h e  m a n u f a c t u r e r s  of  t h e  e q u i p m e n t ,  
w i t h i n  t h e  m o s t  l i k e l y  r a n g e  of i n t e r e s t ( 3 0  t o  2 0 0 0  H z ) .  
R e d u c i n g  t h e  a m p l i f i e r  o u t p u t  s i m p l y  r e d u c e s  t h e  r e s p o n s e  
a c c e l e r a t i o n  a n d  d o e s  n o t  s e r i o u s l y  e f f e c t  t h e  f r e q u e n c y  
r e s p o n s e  c u r v e .  H o w e v e r ,  a d d i n g  a s i m p l e  s o l i d  m e t a l  w e i g h t  
to t h e  v i b r a t o r  r e s u l t s  in l a r g e  d i s c o n t i n u i t i e s  in t h e  
v i b r a t o r  f r e q u e n c y  r e s p o n s e .  As s h o w n  b y  F i g u r e  7 . 9 ,  
t h e r e f o r e ,  it is n o t  s u r p r i s i n g  t h a t  t h e  v i b r a t i o n  f r e q u e n c y  
r e s p o n s e  of a c o m p l e x  s t r u c t u r e  s u c h  as t h e  f i l t e r  b o x  is n o t
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a s i m p l e  o n e .  A p r o m i n a n t  a n d  i m p o r t a n t  f e a t u r e  of t h i s  g r a p h  
h o w e v e r ,  is a l a r g e  a c c e l e r a t i o n  p e a k  at a f r e q u e n c y  of 4 0 0  to  
5 00  Hz..
T h e  e f f e c t  of f r e q u e n c y  on f i l t e r  c l e a n i n g  e f f i c i e n c y  in 
t h e  S t a g e  II e q u i p m e n t ,  is s h o w n  in F i g u r e  7 . 3 .  It is q u i t e
c l e a r  f r o m  t h i s  g r a p h  t h a t  t h e  t w o  p i e c e s  of  e q u i p m e n t  d o  n o t
g i v e  i d e n t i c a l  r e s u l t s .  It is e q u a l l y  c l e a r  t h a t  t h e
f r e q u e n c y  w h i c h  g i v e s  m a x i m u m  c l e a n i n g  is t h a t  w h i c h  p r o d u c e s  
t h e  m a x i m u m  r e s p o n s e  a c c e l e r a t i o n  on  F i g u r e  7 . 9 .  A g a i n ,  t h e  
c a k e  c l e a n i n g  e f f i c i e n c y  is r e d u c e d  at v e r y  h i g h  f r e q u e n c i e s ,  
b u t  a l s o  in t h i s  c a s e  at v e r y  lo w f r e q u e n c i e s .  A l s o ,  as in 
t h e  S t a g e  I r e s u l t s ,  t h e  f r e q u e n c i e s  w h i c h  d o  n o t  c l e a n  w e l l  
p r o d u c e  a w i d e  r a n g e  in t h e  c l e a n i n g  e f f i c i e n c y ,  o v e r  t h e  l a s t  
f o u r  f i l t r a t i o n  p e r i o d s .  T h i s  a g a i n  is p r o b a b l y  d u e  t o  t h e
g r a d u a l  b u i l d  u p  c a k e  t h i c k n e s s  u n t i l  it is e v e n t u a l l y
r e m o v e d .
T w o  f u r t h e r  s e r i e s  of t e s t s  w e r e  p e r f o r m e d  u n d e r  t h i s
h e a d i n g .  S e r i e s  2 t e s t s  w e r e  a r e p e a t  of S e r i e s  1 t e s t s ,
e x c e p t  a t a h i g h e r  f i l t r a t i o n  v e l o c i t y  a n d  S e r i e s  3 t e s t s  w e r e
p e r f o r m e d  u s i n g  a c l e a n i n g  p e r i o d  of 6 0  s e c o n d s  i n s t e a d  of  3 0
s e c o n d s .  F i g u r e  7 . 4  s h o w s  a c o m p a r i s o n  of c l e a n i n g  e f f i c i e n c y
at f l o w r a t e s  of 1 . 3  a n d  1 . 8  f t ^ / m i n  ( 6 . 1 x 1 0  ^ a n d  
-4 38 . 4 x 1 0  m / s ) .  A l t h o u g h  t h e  s h a p e  of t h e  g r a p h  is
s i m i l a r  in b o t h  c a s e s  it is n o t i c a b l e  t h a t  f r e q u e n c i e s  b e l o w
5 0 0  Hz do n o t  c l e a n  f i l t e r  c a k e s  w h i c h  a r e  d e p o s i t e d  at h i g h  
f l o w r a t e  (o r s u p e r f i c i a l  g a s  v e l o c i t y )  as w e l l  as f i l t e r  c a k e s  
w h i c h  h a v e  b e e n  d e p o s i t e d  at l o w e r  f l o w  r a t e .  T h e  r e v e r s e  is 
t r u e ,  h o w e v e r ,  at f r e q u e n c i e s  a b o v e  5 0 0  H z .  N o  s u i t a b l e
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e x p l a n a t i o n  of t h i s  p h e n o m e n o n  is a v a i l a b l e  a l t h o u g h  ’ a 
p o s s i b l e  e x p l a n a t i o n  m a y  be t h e  v a r i a t i o n  of c a k e  a d h e s i o n  
b o n d  s t r e n g t h  or c h a r a c t e r i s t i c s  w h e n  p a r t i c l e s  a r e  d e p o s i t e d  
at h i g h  v e l o c i t y .  A n o t h e r  p o s s i b l e  e x p l a n a t i o n  m a y  be  t h e  
e x p e r i m e n t a l  e r r o r  to  w h i c h  t h e s e  t e s t s  h a v e  b e e n  s h o w n  to  be 
s u s c e p t a b l e .
/
T h e  r a n g e  of c l e a n i n g  e f f i c i e n c y  o v e r  t h e  f o u r  f i l t r a t i o n  
c y c l e s  s h o w n  in F i g u r e  7 . 4 ,  i n d i c a t e  t h a t  at t h e  h i g h e r  
f i l t r a t i o n  f l o w r a t e s  t h i s  r a n g e  is s m a l l e r  f o r  t h e  m a j o r i t y  of 
f r e q u e n c i e s .  T h i s  o b s e r v a t i o n  is n o t  e a s i l y  e x p l a i n e d .  W h e n  
c o n s i d e r i n g  b o t h  t h e s e  o b s e r v a t i o n s ,  h o w e v e r ,  it s h o u l d  be  
n o t e d  t h a t  f i l t r a t i o n  at h i g h e r  s u p e r f i c i a l  g a s  v e l o c i t i e s
r e s u l t s  in a l o w e r  c a k e  a r e a l  m a s s  f o r  a g i v e n  p r e s s u r e  d r o p .  
T h e s e  t e s t s  w e r e  n o t  c o n d u c t e d  in s u c h  a w a y  t h a t  a c o n s t a n t  
f i n a l  p r e s s u r e  d r o p  w a s  o b t a i n e d  , b u t  t h e  f i l t r a t i o n  p e r i o d  
w a s  f i x e d ,  w h i c h  r e s u l t s  in a h i g h e r  f i l t e r  p r e s s u r e  d r o p
b e i n g  o b s e r v e d  at h i g h  f i l t e r  f l o w r a t e .  F o r  a h i g h e r  f i l t e r  
f l o w r a t e  t h e r e f o r e  , t h e  c a k e  a r e a l  m a s s  w i l l  b e  i n c r e a s e d .
C o n s i d e r a t i o n  s h o u l d  a l s o  be  g i v e n  to  t h e  d e f i n i t i o n  o f  
c a k e  c l e a n i n g  e f f i c i e n c y .  T h e  e f f i c i e n c y  of c a k e  r e m o v a l  is 
d e f i n e d  in t e r m s  of f i l t e r  p r e s s u r e  d r o p  a n d  i s ,  t h e r e f o r e ,  
a f f e c t e d  by t h e  f i l t e r  f l o w r a t e .  F i g u r e  3 . 1 2  s h o w s  t h e  
r e l a t i o n s h i p  of f i l t e r  p r e s s u r e  d r o p  to t h e  s u p e r f i c i a l  
f i l t r a t i o n  v e l o c i t y .  T h i s  s h o w s  t h a t  f o r  a g i v e n  u n i f o r m  c a k e  
t h e  f i l t e r  p r e s s u r e  d r o p  v a r i e s  l i n e a r l y  w i t h  s u p e r f i c i a l
v e l o c i t y .  F o r a
g i v e n  f i x e d  c a k e  t h e r e f o r e  t h e  d e f i n i t i o n  o f  c l e a n i n g  
e f f i c i e n c y  is v a l i d  at a l l  v a l u e s  of  s u p e r f i c i a l  f i l t r a t i o n
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v e l o c i t y .  W h e n  c a k e s  a r e  p r o d u c e d  at v a r y i n g  s u p e r f i c i a l  
f i l t r a t i o n  v e l o c i t y ,  h o w e v e r ,  t h e  c l e a n i n g  e f f i c i e n c i e s  a r e  
n o t  s t r i c t l y  c o m p a r a b l e .
F i g u r e  7 . 5  s h o w s  t h e  e f f e c t  of i n c r e a s i n g  t h e  l e n g t h  of 
t h e  c l e a n i n g  t i m e  f r o m  3 0  s e c o n d s  to  6 0  s e c o n d s .  T h e  a p p a r e n t  
r e d u c t i o n  in c l e a n i n g  e f f i c i e n c y  is u n e x p e c t e d  b u t  m a y  b e  d u e  
to  f i l t e r  b l o c k a g e  d u e  to p a r t i c l e s  b e i n g  v i b r a t e d  i n t o  t h e  
f i l t e r  m a t e r i a l .
G e n e r a l l y ,  t h e r e f o r e ,  t h e  e f f e c t  of f r e q u e n c y  o n  f i l t e r  
c l e a n i n g  p r o d u c e s  r e s u l t s  of d u b i o u s  r e l i a b i l i t y  b e c a u s e  of 
t h e  f u n d a m e n t a l  u n p r e d i c t a b i l i t y  of c o m p l e x  v i b r a t i n g  b o d i e s .  
H o w e v e r ,  t h e  e x i s t a n c e  of an o p t i m u m  c l e a n i n g  f r e q u e n c y  f o r  a 
p a r t i c u l a r  f i l t e r  g e o m e t r y  is c l e a r .  T h i s  o p t i m u m  m a y  be  
e x p l a i n e d  e i t h e r  in t e r m s  of r e s o n a n c e ,  or  in t e r m s  of  d a m p i n g  
a n d  w a v e  p r o p o g a t i o n .  As is s h o w n  by  t h e  v i b r a t i o n  n o m o g r a p h ,  
t h e  v i b r a t i o n  a m p l i t u d e  of a v i b r a t i n g  b o d y  is d e c r e a s e d  as 
t h e  f r e q u e n c y  is i n c r e a s e d ,  f o r  an  a p p r o x i m a t e l y  c o n t a n t  
v i b r a t i o n  p a y l o a d .  T h e r e f o r e ,  at h i g h  f r e q u e n c i e s  d a m p i n g  is 
m i n i m i s e d  b u t  d i s p l a c e m e n t  is r e d u c e d ,  p o s s i b l y  t o  t h e  p o i n t  
w h e r e  d i s p l a c e m e n t  is so lo w t h a t  w a v e  p r o p o g r a t i o n  c a n n o t  
o c c u r .  At l o w  f r e q u e n c i e s  d a m p i n g  is h i g h  a n d  w a v e  
p r o p o g a t i o n  is h i g h *  An o p t i m u m  c a k e  c l e a n i n g  f r e q u e n c y  in t h e  
m i d - r a n g e  is t h e r e f o r e  to  be e x p e c t e d .
S t e p h a n  e t . a l  C 1 9 D s h o w  t h a t  t h e  r e m o v a l  of f i l t e r  c a k e  
at a n y  p o i n t  o n  a b a g  is c o n s i s t e n t  f r o m  o n e  t e s t  t o  t h e  n e x t ,  
b u t  t h a t  s m a l l  c h a n g e s  in t h e  t h e  b a g  or  i n s t a l l a t i o n  d e t a i l s  
m a y  s i g n i f i c a n t l y  e f f e c t  t h e  r e s u l t s .  T h e y  a l s o  s h o w  t h a t  a
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' w h i p p i n g '  m o t i o n  of t h e  b a g  m a y  o c c u r  w h e n  s h a k i n g  is 
e x t e n d e d  f o r  l o n g e r  t h a n  a p e r i o d  of a b o u t  5 s e c o n d s ,  a n d  t h a t  
t h i s  is. d u e  to  r e s o n a n c e .
D e n n i s  e t . a l  C 1 1 □  h a v e  s h o w n  t h a t  d u s t  r e m o v a l  is an 
i n c r e a s i n g  f u n c t i o n  of f r e q u e n c y  f o r  a f i x e d  n u m b e r  of s h a k e s  
at c o n s t a n t  a m p l i t u d e .  T h i s  a g r e e s  w i t h  t h e o r i e s  of 
a c c e l e r a t i o n  d e p e n d e n t  c a k e  r e m o v a l .  T h e y  a l s o  d i s c u s s  t h e  
e f f e c t s  of r e s o n a n c e  a n d  d a m p i n g  of t h e  f i l t e r  c a k e  a n d  
c o n c l u d e  t h a t  o p t i m u m  c l e a n i n g  m a y  be a c h i e v e d  by  ' t u n i n g '  t h e  
c l e a n i n g  f r e q u e n c y  as c a k e  is r e m o v e d .
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Figure 7.1 The effect of frequency on filter cleaning
efficiency. (Vertical vibration). 
(Stage I.)
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7.2 The effect of frequency on filter cleaning
efficiency (Horizontal vibration). 
(Stage 1.)
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Figure 7.3 The effect of frequency on filter cleaning 161
efficiency.
(Stage II.)
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figure 7.4 The effect of frequency on filter cleaning
e f ficiency.
(Stage II.)
(Series 2 tests.)
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Figure 7.5 The effect of frequency on filter cleaning
efficiency.
(Stage II.)
(Series 3 tests.)
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Figure 7.6 Vibration nomograph.
(Stage I.)
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Figure 7.7 The estimation of the effect of vibrator 
loading on vibration response.
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Figure 7.8 Frequency response of vibrator.
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Figure 7.9 Frequency response of vibrator and attached
filter.
O Parallel filter vibration with 
maximum output.
(Stage II tests - whole filter
vibration.)
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7 . 2  Th e  e f f e c t s  o f  a c c e l e r a t i o n  and s t r e s s  on f i l t e r  c l e a n i n g
e f f i c i e n c y .
T h e  c l e a n i n g  e f f i c i e n c y  as d e f i n e d  a n d  u s e d  a b o v e  w h i l s t  
g i v i n g  a r e a s o n a b l e  i n d i c a t i o n  of v a r i a t i o n s  in t h e  d e g r e e  of 
c l e a n i n g  h a s  s e v e r a l  l i m i t a t i o n s  f o r  r e a s o n s  d e s c r i b e d , i n  t h e  
p r e v i o u s  s e c t i o n .
S e v e r a l  p a r a m e t e r s  m a y  be u s e d  to  c h a r a c t e r i s e  c a k e  
c l e a n  i n g : -
i) C l e a n e d  f i l t e r  p r e s s u r e  d r o p  A P c
ii) F i l t e r  d r a g  = A P  / v
w h e r e  v =  s u p e r f i c i a l  f a c e  v e l o c i t y .
i i i )  M a s s  of d u s t  r e m o v e d  p e r  u n i t  a r e a .
iv) M a s s  % of d u s t  r e m o v e d .
v) M a s s  of d u s t  n o t  r e m o v e d  p e r  u n i t  a r e a .
vi) A r e a  % of d u s t  r e m o v e d .
T h e  c h o i c e  of p a r a m e t e r  is s o m e w h a t  a r b i t a r y  b u t  in s o m e  
c a s e s  t h i s  m a y  be i n f l u e n c e d  b y  t h e  t y p e  of  i n v e s t i g a t i o n  to  
be u n d e r t a k e n .
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T h e  p r i m a r y  o b j e c t i v e  of f i l t e r  c l e a n i n g  is to r e d u c e  t h e  
p r e s s u r e  d r o p  of a f i l t e r ,  a n d  t h e r e f o r e  e i t h e r  t h i s  p a r a m e t e r  
or  f i l t e r  d r a g  w o u l d  s e e m  t h e  o b v i o u s  c r i t e r i a  t o  u s e  to 
d e f i n e  t h e  c l e a n i n g  p e r f o r m a n c e .  H o w e v e r ,  t h e  c l e a n e d  f i l t e r  
p r e s s u r e  d r o p  or c l e a n e d  f i l t e r  d r a g  is d e p e n d e n t  u p o n  t h e  
c l o t h  t y p e .  T h e  c a k e s  f o r m e d ,  in a l l  t h e  f i l t e r  t e s t s  
c o n d u c t e d  in t h i s  i n v e s t i g a t i o n  t e n d  to d e t a c h  t h e m s e l v e s  in
d i s c r e t e  a r e a s  o r  s l a b s .  A f i l t e r  m a t e r i a l  w h i c h  h a s  a low
r e s i s t a n c e  to  f l o w  m a y  t h e r e f o r e  g i v e  a s i m i l a r  v a l u e  f o r  
A P  w h e n  o n l y  s l i g h t l y  c l e a n e d ,  c o m p a r e d  w i t h  t h a t  of a
c l o t h  w i t h  a h i g h  r e s i s t a n c e  t o  f l o w  w h e n  w e l l  c l e a n e d .  T h e
f o r m e r  w i l l  s u b s e q u e n t l y  c o l l e c t  l e s s  d u s t  t h a n  t h e  l a t t e r  
w h e n  f i l t r a t i o n  is a l l o w e d  to  p r o c e e d  to s o m e  m a x i m u m  p r e s s u r e  
d i f f e r e n c e .
T h e  m a s s  of d u s t  r e m o v e d  p e r  u n i t  a r e a  o r  m o r e  u s u a l l y  
t h e  r e s i d u a l  a r e a l  c a k e  l o a d i n g  is a u s e f u l  p a r a m e t e r .
H o w e v e r ,  it d o e s  no t  c l e a r l y  s h o w  t h e  d e g r e e  of c l e a n i n g  w h e n  
l a r g e  v a r i a t i o n s  in t h e  i n i t i a l  d u s t  l o a d i n g  a r e  p r e s e n t .  T h e  
u s e  of t h e  m a s s  p e r c e n t  of d u s t  r e m o v e d  m a y  a l s o  g i v e  a g o o d  
i n d i c a t i o n  of t h e  d e g r e e  of c l e a n i n g  u n d e r  m a n y  t e s t
c o n d i t i o n s .  F o r  c l o t h s  w h i c h  d o  n o t  a l l o w  s i g n i f i c a n t
p e n e t r a t i o n  a n d  u n d e r  c o n d i t i o n s  w h i c h  g i v e  p a r t i a l  a r e a  
c l e a n i n g  t h e n  t h e  a r e a l  p e r c e n t  of  d u s t  r e m o v a l  m a y  b e  
a p p r o x i m a t e d  by t h e  m a s s  p e r c e n t  of d u s t  r e m o v a l ,  a s s u m i n g  
t h a t  t h e  c a k e  w a s  i n i t i a l l y  u n i f o r m .
T h e  m o s t  c o n v e n i e n t  m e t h o d  of d e f i n i n g  f i l t e r  c l e a n i n g  
e f f i c i e n c y  t h e r e f o r e ,  is t h e  m a s s  p e r c e n t  of  d u s t  r e m o v e d ,  
t h o u g h  a g a i n  t h i s  s h o u l d  be u s e d  c a r e f u l l y  w h e n  v e r y  w i d e
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r a n g e  of c a k e  l o a d i n g s  a r e  b e i n g  i n v e s t i g a t e d .
1 7 0
T h e o r y  i n d i c a t e s  ( S e c t i o n  3 . 1 )  t h a t  f o r  a s p e c i f i c  f i l t e r  
m a t e r i a l  o n t o  w h i c h  a c a k e  h a s  b e e n  d e p o s i t e d  u n d e r  
s t a n d a r d i s e d  c o n d i t i o n s ,  t h e  f o r c e s  w h i c h  a l l o w  t h e  c a k e  to 
a d h e r e  to  t h e  f i l t e r  s u r f a c e  a r e  c o n s t a n t ,  r e g a r d l e s s  of t h e  
m e t h o d  of c a k e  r e m o v a l .  It is t h e r e f o r e  p o s s i b l e  to 
c h a r a c t e r i s e  a f i l t e r  m a t e r i a l / d u s t  t y p e  c o m b i n a t i o n  in t e r m s  
of c a k e  r e m o v a l  f o r c e s ,  w h i c h  w i l l  be a p p l i c a b l e  to  a n y  t y p e  
of f i l t e r  w h i c h  is c l e a n e d  by e i t h e r  f i l t e r  s h a k i n g  or 
p u l s i n g .
In o r d e r  to s t u d y  t h e  e f f e c t s  of v i b r a t i o n a l  a c c e l e r a t i o n  
a n d  f o r c e  p e r  u n i t  a r e a  ( s t r e s s )  o n  a f i l t e r  c a k e ,  t w o  s e r i e s  
o f  t e s t s  w e r e  p e r f o r m e d .  S e r i e s  12 t e s t s  w e r e  c a r r i e d  o u t  as 
d e s c r i b e d  in S e c t i o n  2 . 2 . 3 ( 1 )  a n d  S e r i e s  24 t e s t s  w e r e  c a r r i e d  
o u t  as d e s c r i b e d  in S e c t i o n  6 . 2 . 8 ( i i i ) .
T h e  S e r i e s  12 t e s t s  c o n s i s t e d  of d e p o s i t i n g  a c a k e  u n d e r  
s t a n d a r d  f i l t r a t i o n  c o n d i t i o n s ,  a n d  s u b s e q u e n t l y  v i b r a t e d  
c l e a n  u s i n g  v i b r a t i o n s  a p p l i e d  d i r e c t l y  to t h e  c l o t h .  T h e  
f r e q u e n c y  w a s  a r b i t a r i l y  f i x e d  at 1 0 0  Hz a n d  c a k e  r e m o v e d  b y  
a p p l y i n g  a f i x e d  a c c e l e r a t i o n .  T h e  a m o u n t  of c a k e  r e m o v e d  w a s  
t h e n  d e t e r m i n e d  as d e s c r i b e d  in S e c t i o n  6 . 2 . 8 ( i ) .  F r e s h  c a k e s  
w e r e  t h e n  f o r m e d  a g a i n  u n d e r  t h e  s t a n d a r d  c o n d i t i o n s  a n d  t h e  
e f f e c t s  of a s e r i e s  of a c c e l e r a t i o n  v a l u e s  w e r e  d e t e r m i n e d .  
T h e s e  r e s u l t s  a r e  s h o w n  in F i g u r e s  7 . 1 0  to 7 . 1 3  in  t e r m s  of 
b o t h  a p p l i e d  a c c e l e r a t i o n  a n d  i n d u c e d  s t r e s s  a n d  in t e r m s  of 
r e s i d u a l  a r e a l  d u s t  l o a d  a n d  m a s s  p e r c e n t  of d u s t  r e m o v e d .
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The  c l e a n i n g  s t r e s s  i s  c a l c u l a t e d  f r o m t h e  a r e a l  d u s t
l o a d i n g  b e f o r e  c l e a n i n g ,  a n d  t h e  a p p l i e d  a c c e l e r a t i o n .
F i g u r e s '  7 . 1 0  a n d  7 . 1 1  s h o w  t h e  r e s i d u a l  a r e a l  c a k e  m a s s  at s i x
v a l u e s  of a c c e l e r a t i o n  a n d  s t r e s s .  T h e s e  r e s u l t s  i n d i c a t e
t h a t  no  f i x e d  v a l u e  of c l e a n i n g  a c c e l e r a t i o n  o r  s t r e s s  e x i s t s
f o r  t h e  c a k e / f i l t e r  c o m b i n a t i o n  u n d e r  t e s t ,  w h e n  t h e  r e s i d u a l
c a k e  m a s s  is c o n s i d e r e d .  T h e  s a m e  c o n c l u s i o n  m a y  be r e a c h e d
f r o m  F i g u r e s  7 . 1 2  a n d  7 . 1 3  w h e r e  t h e  m a s s  p e r c e n t a g e  of  c a k e
r e m o v a l  is c o n s i d e r e d .  A l l  of t h e s e  g r a p h s  s h o w ,  h o w e v e r ,
t h a t  an i n c r e a s e  in c a k e  r e m o v a l  is d e p e n d e n t  u p o n  e i t h e r  an
i n c r e a s e  in a c c e l e r a t i o n  or c l e a n i n g  s t r e s s .  T h e  r e s i d u a l
m e a n  a r e a l  c a k e  m a s s  m a y  be r e d u c e d  to a m i n i m u m  of s o m e  10 
2
g / m  . A p p r o x i m a t e l y  9 6 %  of t h e  c a k e  m a s s  m a y  be  r e m o v e d
e i t h e r  u s i n g  a c c e l e r a t i o n s  in e x c e s s  of 20 t i m e s  t h e
g r a v i t a t i o n a l  a c c e l e r a t i o n  or c l e a n i n g  s t r e s s e s  in e x c e s s  of 
2
4 6  N / m  . It w a s  o b s e r v e d  d u r i n g  t h e s e  t e s t s  t h a t  c a k e
r e m o v a l  o c c u r r e d  m a i n l y  in t h e  f o r m  of s m a l l  f l a k e s  w h i c h
s e p a r a t e d  at t h e  c a k e / m e m b r a n e  i n t e r f a c e .  P r o v i d e d  t h e  c a k e  
is a s s u m e d  t o  be of u n i f o r m  d e n s i t y  a n d  t h i c k n e s s  o v e r  t h e  
w h o l e  f i l t e r  s u r f a c e ,  t h e  r e s u l t s  in t e r m s  of  m a s s  p e r c e n t  
c a k e  r e m o v a l  m a y  a l s o  be a s s e s s e d  in t e r m s  of a r e a l  c a k e
r e m o v a l .  It m a y  t h e r e f o r e  be a s s u m e d  t h a t  d a t a  of  m a s s
p e r c e n t  r e m o v a l  m a y  be a s s e s s e d  in t e r m s  of a r e a  p e r c e n t  c a k e  
r e m o v a I .
S e r i e s  24 t e s t s  a l s o  c o n s i s t e d  of d e p o s i t i n g . a  c a k e  u n d e r  
s t a n d a r d  f i l t r a t i o n  c o n d i t i o n s ,  b u t  in t h i s  c a s e  t h e  f i l t e r  
f r a m e  w a s  r e m o v e d  w i t h  t h e  f i l t e r  c a k e  i n t a c t  a n d  t h i s  w a s
t e s t e d  f o r  c a k e  r e m o v a l  p r o p e r t i e s  u s i n g  t h e  s t a n d a r d
a c c e l e r a t i o n  e q u i p m e n t  d e s c r i b e d  in S e c t i o n  5 . 3 .  W h e n
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v i b r a t i n g  a f i l t e r  c a k e  t h e  f i l t e r  m e m b r a n e  w i t h  c a k e  a d h e r i n g
to it is f l e x e d  a n d  c y c l e d  t h r o u g h  a n u m b e r  of p e r i o d i c
f o r c e s . '  T h i s  r e s u l t s  in s e v e r a l  s u b s i d i a r y  p a r a m e t e r s  w h i c h
m a y  e f f e c t  c a k e  r e m o v a l .  F i r s t l y ,  t h e  m e m b r a n e  w i l l
e x p e r i e n c e  a v a r i a b l e  a c c e l e r a t i o n  o v e r  i t s  s u r f a c e  d u e  to
b o t h  v i b r a t i o n  w a v e  t r a n s m i s s i o n  a n d  d i s p l a c e m e n t  e n v e l o p e
s h a p e  as s h o w n  in S e c t i o n  3 . 2 . 3 .  S e c o n d l y ,  t h e  p r e s e n c e  of a
f i l t e r  s u p p o r t  m a t e r i a l  m a y  a l s o  e f f e c t  l o c a l i s e d  f i l t e r
s u r f a c e  a c c e l e r a t i o n .  T h e  f i l t e r  s u p p o r t  w i l l  a l s o  v i b r a t e
a n d  t h e s e  v i b r a t i o n s  m a y  n o t  be in p h a s e  w i t h  t h o s e  of t h e
f i l t e r  m a t e r i a l .  W h e n  t h e s e  v i b r a t i o n s  a r e  o u t  of p h a s e  t h e n
h i g h  l o c a l i s e d  a c c e l e r a t i o n s  m a y  be p r o d u c e d  by t h e  t r a n s f e r
of m o m e n t u m  f r o m  t h e  s u p p o r t  to  t h e  f i l t e r  i t s e l f .  T h e  c a k e
r e m o v a l  p a r a m e t e r s  f o r  S e r i e s  24 t e s t s  w e r e ,  t h e r e f o r e ,
d e t e r m i n e d  u s i n g  t h e  p r o c e d u r e  d e s c r i b e d  in S e c t i o n  6 . 2 . 5 .
T h e  r e s u l t s  of t h i s  s e r i e s  a r e  s h o w n  in F i g u r e s  7 . 1 4  t o  7 . 1 7  .
H e r e  t h e  e f f e c t  of t h e  i n i t i a l  c a k e  l o a d i n g  is a l s o
i n v e s t i g a t e d  to a l l o w  a b r o a d  s t u d y  of c a k e  c l e a n i n g  f o r c e .
F i g u r e  7 . 1 4  s h o w s  t h e  e f f e c t  of a c c e l e r a t i o n  o n  t h e  r e s i d u a l
a r e a l  d u s t  l o a d ,  at f o u r  v a l u e s  of i n i t i a l  c a k e  a r e a l  m a s s .
T h i s  g r a p h  s h o w s  t h a t  i n c r e a s e d  a c c e l e r a t i o n  r e s u l t s  in a
d e c r e a s e d  r e s i d u a l  c a k e  m a s s ,  f o r  a l l  v a l u e s  o f  i n i t i a l  c a k e
l o a d .  At h i g h  v a l u e s  of a c c e l e r a t i o n  t h e  r e s i d u a l  a r e a l  c a k e
l o a d i n g  r e d u c e s  a s y m t o t i c a l l y  to a m i n i m u m  v a l u e  of b e t w e e n  5 0  
2
a n d  75 g / m  . L i t t l e  c a k e  c l e a n i n g  o c c u r s  w h e n  t h e  i n i t i a l  
c a k e  l o a d i n g  is in t h e  o r d e r  of t h i s  v a l u e .  A g a i n ,  it c a n  be  
s e e n  t h a t  n o  s p e c i f i c  v a l u e  of a c c e l e r a t i o n  is p r e d o m i n a n t  f o r  
c a k e  c l e a n i n g .  In t h i s  c a s e ,  h o w e v e r ,  t h e  a c c e l e r a t i o n  at 
w h i c h  c l e a n i n g  b e g i n s  to o c c u r  i n c r e a s e s  w i t h  d e c r e a s i n g  
i n i t i a l  c a k e  l o a d .  F i g u r e  7 . 1 4  s h o w s  t h e  s a m e  d a t a  p l o t t e d  in
173
t e r m s  of c l e a n i n g  s t r e s s  a n d  it c a n  n o w  be s e e n  t h a t  a m i n i m u m
2
c l e a n i n g  s t r e s s  of b e t w e e n  5 a n d  10 N / m  is r e q u i r e d  f o r  
s i g n i f i - c a n t  c a k e  c l e a n i n g  to o c c u r ,  u n d e r  a l l  c o n d i t i o n s  of 
i n i t i a l  c a k e  l o a d i n g .  F i g u r e s  7 . 1 6  a n d  7 . 1 7  s h o w  t h e  e f f e c t  
of a c c e l e r a t i o n  a n d  c a k e  c l e a n i n g  s t r e s s  r e s p e c t i v e l y  on  t h e  
m a s s  p e r c e n t  of c a k e  r e m o v a l .  E x p r e s s i n g  t h e  r e s u l t s  in t h i s  
w a y  l e a d s  to t h e  s a m e  c o n c l u s i o n s  b u t  t h e  g r a p h s  a r e  s o m e w h a t  
c o n f u s e d  by t h e  e f f e c t s  of l a r g e  v a r i a t i o n s  of i n i t i a l  c a k e  
l o a d i n g .
F o r  c o m p l e t e n e s s  t h e  v i b r a t i o n a l  c h a r a c t e r i s t i c s  of a 
d i r e c t l y  s h a k e n  f i l t e r  m e m b r a n e  is i n c l u d e d  in F i g u r e  7 . 1 8  .
F e w  w o r k e r s  in t h e  p a s t  h a v e  q u o t e d  r e s u l t s  w h i c h  r e l a t e
c a k e  r e m o v a l  to c l e a n i n g  s t r e s s .  D e n n i s  a n d  W i l d e r  C 1 1 3  q u o t e
2 2
a s i n g l e  v a l u e  of 2 0 0  d y n e s / c m  (2 0 N / m  ) f o r  t h e
a d h e s i o n  f o r c e  of f l y  a s h  d u s t  to a c o t t o n  f a b r i c .  W a l s h  a n d
S p a i t e  [ 1 0 ]  do n o t  q u o t e  c a k e  a d h e s i o n  or c l e a n i n g  f o r c e s  in
2
t e r m s  of s t r e s s  b u t  t h i s  m a y  be c a l c u l a t e d  as 1 1 . 7  N / m  at
2 . 1 4 x g  f o r  f l y  a s h  d u s t  a n d  c o t t o n  f a b r i c .  Z i m o n  C 1 3 □  q u o t e s
t h e  a d h e s i o n  f o r c e  of 10 to  2 0  m i c r o n  g l a s s  p a r t i c l e s  t o  a
2 2s t e e l  s u r f a c e  as 3 7 0  d y n e s / c m  (37 N / m  ).
T h e s e  r e s u l t s  a r e  no t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h o s e  
o b t a i n e d  by t h e  a u t h o r  a n d  s h o w  t h a t  v a r i a t i o n  in c a k e
a d h e s i o n  f o r c e s  is g e n e r a l l y  s m a l l .
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Figure 7.10 Residual areal dust load against acceleration.
(Single cycle tests.)
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Figure 7.11 Residual areal dust load against force per
unit area.
(Single cycle tests.)
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Figure 7.12 Mass percent dust removal against acceleration.
(Single cycle tests.)
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Figure 7.13 Mass percent dust removal against force per
unit area.
(Single cycle tests.)
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Figure 7.14 Residual areal dust load against acceleration.
(Standard acceleration tests.)
(Scries 24 tests -effect of cake load.)
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Figure 7.15 Residual areal dust load against force per
unit area.
(Standard acceration tests.)
(Series 24 tests -effect of cake load.)
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Figure 7.16 Mass percent dust removal against acceleration
(Standard acceleration tests.)
(Series 24 tests -effect of cake load.)
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Figure 7.17 Mass percent dust removal against force per
unit area.
(Standard acceleration tests.)
(Series 24 tests -effect of cake load.)
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Figure 7.18 Vibration frequency response of filter membrane
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Example: Given Frequency
and Displacement 
then, Acceleration 
and, Velocity
1 lb. = 0.45Kg.
1 oo
FREQUENCY Hz
•  10 K
20Hz 
25mm P-P 
20g (vector)
Our policy is one of continuous development. 
Current production models therefore, may 
differ in minor details from this
1.6msec. (vector) specification.
lg. = 9.81msec. 1 lb f. = 4.44N
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7 . 3  L o n g - t e r m  o p e r a t i o n  and t h e  e f f e c t s  o f  i n c l i n a t i o n .
Th.e v i b r a t o r y  c l e a n i n g  of i n c l i n e d  f l a t  d u s t  f i l t e r s  is a 
n o v e l  p r o c e s s  a n d  is n o t  r e p o r t e d  in a n y  k n o w n  l i t e r a t u r e .  
T h e  o b j e c t i v e s  of t h e  t e s t s  r e p o r t e d  h e r e  w a s  to  d e t e r m i n e  a n y  
u n u s u a l  c h a r a c t e r i s t i c s  v i s - a - v i s  d e p o s i t i o n  o r  c l e a n i n g  of 
s u c h  f i l t e r  s u r f a c e s .  Of f u n d a m e n t a l  c o m m e r c i a l  i m p o r t a n c e  is 
t h e  e f f e c t  of l o n g - t e r m  s u s t a i n e d  f i l t r a t i o n  c y c l i n g  a n d  
v i b r a t i o n  c l e a n i n g  on t h e  f i l t e r  p r e s s u r e  d r o p  a n d  on  t h e  
s t r u c t u r a l  i n t e g r e t y  of t h e  v i b r a t o r  a n d  f i l t e r .  Of
f u n d a m e n t a l  e n g i n e e r i n g  a n d  s c i e n t i f i c  i m p o r t a n c e ,  is t h e
e f f e c t  of i n c l i n a t i o n  on t h e  s t r u c t u r e  of t h e  f i l t e r  a n d  h e n c e
i t s  p e r m e a b i l i t y  a n d  a d h e s i o n  f o r c e  c h a r a c t e r i s t i c s .
T h e  S e r i e s  7 to 10 t e s t s  a n d  S e r i e s  16 to 1 8  t e s t s  w e r e  
d e s i g n e d  to  i n v e s t i g a t e  t h e  l o n g  t e r m  e f f e c t s  of i n c l i n e d  
f i l t e r  c l e a n i n g .  S e r i e s  12 a n d  13 t e s t s  w e r e  u s e d  to 
i n v e s t i g a t e  t h e  e f f e c t  on  b o t h  t h e  f i l t e r  c a k e  p e r m e a b i l i t y  
a n d  c a k e  r e m o v a l ,  of f i l t e r  c a k e s  w h i c h  a r e  b o t h  d e p o s i t e d  a n d  
c l e a n e d  w h i l s t  i n c l i n e d .  S e r i e s  2 4 . 1  to  2 4 . 3  w e r e  u s e d  t o
i n v e s t i g a t e  t h e  e f f e c t s  of i n c l i n a t i o n  o n  c a k e  p e r m e a b i l i t y
a n d  on t h e  c a k e  a d h e s i o n  f o r c e s .
7 . 3 . 1  T h e  l o n g  t e r m  e f f e c t s  of i n c l i n e d  f i l t e r  c l e a n i n g .
T h e  l o n g  t e r m  s t e a d y  s t a t e  p r e s s u r e  d r o p  w a s
d e t e r m i n e d  at v a r i o u s  i n c l i n a t i o n s .  S e r i e s  7 t o  1 0  t e s t s  
w e r e  c o n d u c t e d  u n d e r  t h e  c o n d i t i o n s  s h o w n  in T a b l e  9 . 3 . 3 .  
In t h e  c o u r s e  of t h e s e  t e s t s  s e v e r a l  m o d e s  o f  c l o t h  s u p p o r t  
w e r e  u s e d  t o g e t h e r  w i t h  s e v e r a l  d i f f e r e n t  m e t h o d s  of
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a p p l y i n g  t h e  c l e a n i n g  v i b r a t i o n .  T h r e e  d i f f e r e n t  m e t h o d s  
of c l e a n i n g  t h e  f i l t e r  m a t e r i a l  b a c k  t o  c l e a n  c o n d i t i o n s  
w e r e '  a l s o  e m p l o y e d  so t h a t  c o n s e c u t i v e  t e s t s  at d i f f e r e n t  
i n c l i n a t i o n s  c o u l d  be  c o m p a r e d .
T h e  m e t h o d  of c l o t h  s u p p o r t  w a s  f o u n d  t o  be i m p o r t a n t  
b e c a u s e  t h e  t r a n s m i s s i o n  of m o t i o n  to  t h e  f i l t e r  m a t e r i a l  
a n d  h e n c e  t h e  c a k e ,  d e p e n d s  u p o n  t h e  m a s s ,  f l e x i b i l i t y  a n d  
r i g i d i t y  of t h e  s u p p o r t i n g  m e d i u m .  W h e n  t h e  w h o l e  f i l t e r  
w a s  v i b r a t e d  t h e  h i g h  m o v i n g  m a s s  of t h e  f i l t e r  p r o d u c e d  
a t t e n u a t i o n  of t h e  m a x i m u m  a c c e l e r a t i o n  a n d  d i s p l a c e m e n t ,  
i n d u c e d  by t h e  v i b r a t o r .  T h i s  h i g h  m o v i n g  m a s s  a l s o  
r e s u l t e d  in f a i l u r e  of t h e  r i g i d  v i b r a t o r  s p i n d l e  a f t e r  
e x t e n d e d  t e s t  p e r i o d s .  D u r i n g  t h e  S e r i e s  9 a n d  1 0  t e s t s  
v i b r a t i o n s  w e r e  a p p l i e d  to  a b r a c k e t  w h i c h  w a s  w e l d e d  
d i r e c t l y  on to t h e  s u p p o r t  m e s h .
T h e  r e g e n e r a t i o n  of t h e  f i l t e r  m a t e r i a l  e i t h e r  by  
f r e q u e n c y  s c a n n i n g ,  v a c u u m  c l e a n i n g  or  b r u s h  c l e a n i n g  w e r e  
a l l  i n a d e q u a t e .  T h e  p r o c e s s  of s c a n n i n g  t h r o u g h  a s e r i e s  
of f r e q u e n c i e s  in o r d e r  to  c l e a n  t h e  f i l t e r  m a t e r i a l  t o  a 
s t a n d a r d  c o n d i t i o n  w a s  v a r i a b l e  a n d ,  t h e r e f o r e ,  n o t  
s a t i s f a c t o r y  t h o u g h  no m e m b r a n e  d a m a g e  w a s  n o t i c a b l e  f r o m  
e l e c t r o m i c r o g r a p h s  ( p l a t e s  1 &2) . B o t h  b r u s h i n g  a n d  v a c u u m  
c l e a n i n g  p r o d u c e d  m e m b r a n e  d a m a g e  of v a r y i n g  d e g r e e s  of 
s e v e r i t y  ( p l a t e s  3&4). In a l l  c a s e s ,  h o w e v e r ,  t h e  
u n d e r l y i n g  t r e n d s  of t h e  r e s u l t s  a r e  o b s c u r e d  t o  s o m e  
e x t e n t  by t h e  e f f e c t s  of t h e  l o n g  t e r m  b l o c k i n g  of  t h e  
f i l t e r  m a t e r i a l .  I n t e r p r e t a t i o n  is a l s o  c o m p l i c a t e d  b y  t h e  
e f f e c t s  of t h e  v a r i a t i o n s  in t h e  m e t h o d s  of f i l t e r  s u p p o r t
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and o f  v i b r a t i o n  t r a n s m i s s i o n .
T h e  r e s u l t s  of S e r i e s  7 to 1 0  t e s t s  ( F i g u r e  7 . 1 9  )
s h o w  no c o n c l u s i v e  t r e n d  of s t e a d y  s t a t e  f i l t e r  p r e s s u r e  
d r o p  w i t h  i n c l i n a t i o n .  T h e y  d o ,  h o w e v e r ,  s h o w  t h a t  t h e  
m e m b r a n e  d a m a g e  p r o d u c e d  by  v a c u u m  c l e a n i n g  a G o r e t e x  
f i l t e r  m a t e r i a l  c a u s e s  a s i g n i f i c a n t  v a r i a t i o n  in t h e  
f i l t e r  s t e a d y  s t a t e  p r e s s u r e  d r o p .
A f u r t h e r  s e r i e s  of l o n g  t e r m  t e s t s  w e r e  u s e d  to 
c l a r i f y  t h e  e f f e c t  of i n c l i n a t i o n  on s t e a d y  s t a t e  c l e a n  
p r e s s u r e  d i f f e r e n c e .  F r e s h  c l o t h s  w e r e  u s e d  f o r  t e s t s  1 6 ,  
17 a n d  18 at i n c l i n a t i o n s  of + 4 5 ° ( u p f a c i n g ) ,  
- 4 5 ° ( d o w n f a c i n g )  a n d  0 ° ( v e r t i c a l )  r e s p e c t i v e l y .  
V i b r a t i o n  w a s  a p p l i e d  d i r e c t l y  to t h e  c l o t h  a n d  m e s h  w h i c h  
w e r e  s e c u r e l y  c l a m p e d  t o g e t h e r  a n d  g r e a t  c a r e  t a k e n  to 
e n s u r e  t h a t  t h e  c l o t h  t e n s i o n ,  c l o t h  m o u n t i n g  a n d  f i l t e r  
f r a m e  m o u n t i n g  w a s  as u n i f o r m  as p o s s i b l e  so t h a t  s m a l l  
v a r i a t i o n s  in r e s p o n s e  c o u l d  be d e t e c t e d .  T o  p r e v e n t  t h e  
o b v s e r v e d  p h e n o m o n o n  of r e s o n a n c e  d a m p i n g  a n o n - r e s o n a n t  
f r e q u e n c y  of 1 0 0  Hz w a s  u s e d .  A m o d e r a t e  a c c e l e r a t i o n  of 
10  t i m e s  g w a s  a l s o  u s e d  so as to a c c e n t u a t e  a n y  v a r i a t i o n  
b e t w e e n  t h e  d i f f e r e n t  i n c l i n a t i o n s .
T h e  r e s u l t s  s h o w n  in F i g u r e  7 . 2 0  i n d i c a t e  a s t e a d y  
s t a t e  c l e a n  f i l t e r  p r e s s u r e  d r o p  i m p r o v e m e n t  of
a p p r o x i m a t e l y  8% w h e n  d o w n - f a c i n g  at 45 d e g r e e s  c o m p a r e d  
w i t h  a d e g r a d a t i o n  of a p p r o x i m a t e l y  2 0 %  w h e n  u p - f a c i n g  at 
45 d e g r e e s  in c o m p a r i s o n  to t h e  n o n - i n c l i n e d  f i l t e r .
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P l o t t i n g  t h e s e  r e s u l t s  on F i g u r e  7 . 19  i n d i c a t e s  an
i n c r e a s e  in t h e  s t e a d y  s t a t e  f i l t e r  p r e s s u r e  d r o p  w h e n  t h e  
filt-er is o p e r a t e d  w i t h  it s  f i l t r a t i o n  s u r f a c e  f a c i n g
u p w a r d s .  T h i s  v a r i a t i o n  is n o t  l a r g e ,  h o w e v e r ,  a n d  is 
w i t h i n  t h e  s t a t i s t i c a l  v a r i a t i o n  f o u n d  d u r i n g  t h e  p r e v i o u s  
t e s t s .  C o n s i d e r i n g  a f i l t e r  w h i c h  is o p e r a t e d  at t h e
e x t r e m e s  of i n c l i n a t i o n  i . e .  h o r i z o n t a l  u p f a c i n g  a n d
h o r i z o n t a l l y  d o w n - f a c i n g ,  it w o u l d  be e x p e c t e d  t h a t  t h e  
s t e a d y  s t a t e  p r e s s u r e  d r o p  w o u l d  be i n f i n i t e  in t h e  f o r m e r  
c a s e  a n d  s o m e  l i m i t i n g  v a l u e  in t h e  l a t t e r .  T h e  s t e a d y
s t a t e  p r e s s u r e  d r o p  f o r  a h o r i z o n t a l  d o w n f a c i n g  f i l t e r
w o u l d  be e n t i r e l y  d e p e n d e n t  u p o n  t h e  a p p l i e d  a c c e l e r a t i o n ,  
t h e  c a k e  t h i c k n e s s  a n d  d e n s i t y ,  a n d  t h e  c a k e  a d h e s i o n  or  
c o h e s i o n  f o r c e s .  An a l m o s t  h o r i z o n t a l l y  u p f a c i n g  f i l t e r  
w o u l d  e x h i b i t  a c l e a n e d  p r e s s u r e  d i f f e r e n t i a l  d e p e n d e n t  o n  
h o w  m u c h  d u s t  b e c a m e  d i s l o d g e d  a n d  w a s  t r a n s p o r t e d  t o  t h e  
e d g e  of t h e  f i l t e r  w i t h i n  t h e  c l e a n i n g  t i m e .  It s e e m s  
l i k e l y  t h a t  t h e  e f f e c t  of s m a l l  v a r i a t i o n s  in i n c l i n a t i o n  
n e a r  to  t h e  h o r i z o n t a l l y  d o w n f a c i n g  c o n d i t i o n s  w i l l  h a v e  
l i t t l e  e f f e c t  on t h e  n e t  c a k e  r e m o v a l ,  w h i l s t  at
i n c l i n a t i o n s  c l o s e  to h o r i z o n t a l l y  u p f a c i n g  it w o u l d  be  
e x p e c t e d  t h a t  t h e  n e t  c a k e  r e m o v a l  w o u l d  b e  h e a v i l y
d e p e n d e n t  u p o n  t h e  s m a l l  i n c l i n a t i o n  c h a n g e s .
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Figure 7.19 The effect of inclination on long term steady
state cleaned pressure drop.
^Series 7 tests
-{'Series 8 tes ts
^Series 9 & 10 tests
^  Series 16 ,17 & 18 tests
0
-p O h
rt Pi
■p
CO
£
X cti
0
r— 1
0 u
-P Oh
CO <3
1------ 1------- 1-------r------ r
40 -20 0 20 40 60-60
Inclination (degrees)
Te
st
 
nu
mb
er
 
I
n
c
l
i
n
a
t
i
o
n
188
Figure 7.20 The effect of inclinationcnfilter clean pressure
drop.
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7 . 3 . 2  S i n g l e  c y c l e  t e s t s  -  e f f e c t  o f  i n c l i n a t i o n .
. T h e  t e s t s  d e s c r i b e d  p r e v i o u s l y  i n d i c a t e  t h e  o v e r a l l
e f f e c t  of s o m e  of t h e  o p e r a t i n g  p a r a m e t e r s  o n  t h e  o p e r a t i o n
of a f i l t e r  u n d e r  u p f a c i n g  a n d  d o w n f a c i n g  i n c l i n a t i o n s .
T h e y  d o  n o t ,  h o w e v e r ,  g i v e  a n y  i n d i c a t i o n  of t h e  m e c h a n i s m
of c a k e  r e m o v a l .  S e r i e s  1 2 . 3 ,  1 3 . 2  a n d  1 3 . 4  t e s t s  w e r e
d e s i g n e d  to  i n v e s t i g a t e  t h e  e f f e c t s  of i n c l i n a t i o n  on  c a k e
r e m o v a l .  T h e s e  t e s t s  w e r e  c a r r i e d  o u t  as d e s c r i b e d  in
S e c t i o n  6 . 2 . 8  u n d e r  t h e  f i l t r a t i o n  a n d  c a k e  c l e a n i n g
c o n d i t i o n s  s h o w n  in T a b l e  9 . 3 . 4 .  T a b l e s  9 . 4 . 9 ,  9 . 4 . 1 0  a n d
9 . 4 . 1 1  s h o w  t h e  r e s u l t s  of s e r i e s  1 2 . 3 ,  1 3 . 2  a n d  1 3 . 4  t e s t s
r e s p e c t i v e l y .  T h e s e  r e s u l t s  a r e  p l o t t e d  o n  F i g u r e s
7 . 2 1 , 7 . 2 2  a n d  7 . 2 3  in t e r m s  of c a k e  a r e a l  f o r c e  ( s t r e s s )
a g a i n s t  r e s i d u a l  c l e a n e d  f i l t e r  p r e s s u r e  d r o p ,  m a s s
p e r c e n t a g e  d u s t  r e m o v a l  a n d  r e s i d u a l  c a k e  a r e a l  m a s s
r e s p e c t i v e l y .  T h e  s a m e  c o n c l u s i o n  m a y  be  r e a c h e d  f r o m  e a c h
of t h e s e  g r a p h s ,  n a m e l y  t h a t  u p f a c i n g  f i l t e r  c l o t h s  d o  n o t
c l e a n  as e f f i c i e n t l y  as v e r t i c a l  or  d o w n f a c i n g  c l o t h s .
F i g u r e  7 . 2 3  s h o w s  t h i s  e f f e c t  m o s t  c l e a r l y .  It c a n  b e  s e e n
t h a t  a d o w n f a c i n g  c a k e  w i l l  c l e a n  t o  a s t e a d y  a r e a l  d u s t
l o a d  at a f i l t e r  c a k e  c l e a n i n g  s t r e s s  of a p p r o x m a t e l y  2 0  
2
N / m  . I n c r e a s i n g . t h e  c l e a n i n g  s t r e s s  in t h i s  c a s e  h a s
l i t t l e  e f f e c t  on r e s i d u a l  a r e a l  d u s t  l o a d .  F o r  an  u p f a c i n g
f i l t e r  it c a n  be s e e n  t h a t  l i t t l e  c a k e  c l e a n i n g  o c c u r s
2
b e l o w  a c l e a n i n g  s t r e s s  of 20 N / m  b u t  in t h i s  c a s e  
c l e a n i n g  at i n c r e a s i n g  s t r e s s  r e s u l t s  in a g r a d u a l  
r e d u c t i o n  in r e s i d u a l  c a k e  a r e a l  m a s s .  A v e r t i c a l  f i l t e r  
c l e a n s  in a m o d e  i n t e r m e d i a t e  b e t w e e n  t h e s e  t w o  e x t r e m e s .  
T h i s  g r a p h  a l s o  s h o w s  t h a t  t h e  i n i t i a l  d u s t  l o a d  is h i g h e r
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f o r  an u p f a c i n g  c l o t h  w h i c h  is p r o b a b l y  d u e  to a e r o d y n a m i c  
a n d  p a r t i c l e  t r a n s p o r t  e f f e c t s  in t h e  d u c t w o r k  c a r r y i n g  t h e  
r e c i . r c u l a t i n g  a i r  f l o w .  G e n e r a l l y ,  t h e r e f o r e ,  t h e s e  g r a p h s  
s h o w  t h e  e f f e c t s  of d e p o s i t i o n  a n d  c l e a n i n g  a f l a t  f i l t e r  
m e m b r a n e  w h i c h  is i n c l i n e d  to t h e  v e r t i c a l ,  e i t h e r  u p f a c i n g  
o r  d o w n f a c i n g .  T h e y  s h o w  t h a t  a m i n i m u m  c l e a n i n g  s t r e s s  
m u s t  be i n d u c e d  in t h e  f i l t e r  c a k e  b e f o r e  c a k e  r e m o v a l  
o c c u r s  a n d  t h a t  c a k e  t r a n s p o r t  is t h e r e a f t e r  t h e  
p r e d o m i n a n t  m o d e  of c a k e  r e m o v a l .
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Figure 7.21 The effect of inclination.
(Single cycle tests.)
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Figure 7.23 The effect of inclination.
(Single cycle tests.)
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7 . 3 . 3  S t a n d a r d  a c c e l e r a t i o n  t e s t s  -  e f f e c t  o f  i n c l i n a t i o n .
. T h e  e f f e c t s  of i n c l i n a t i o n  on  f i l t e r  c l e a n i n g ,  
d i s c u s s e d  in t h e  p r e v i o u s  s e c t i o n ,  a r e  c o n f u s e d  b y  t h e  
t r a n s p o r t  of d u s t  d o w n  t h e  s u r f a c e  a f t e r  t h e  c a k e  is 
d i s l o d g e d .  T h e  c a k e  c l e a n i n g  s t r e s s  i n d u c e d  in c a k e s  
f o r m e d  on u p w a r d  or  d o w n w a r d  f a c i n g  i n c l i n e d  f i l t e r s  m a y  be  
d e t e r m i n e d  u s i n g  t h e  s t a n d a r d  a c c e l e r a t i o n  e q u i p m e n t  
d e s c r i b e d  in S e c t i o n  5 . 3 .  S e r i e s  2 4 . 1 ,  2 4 . 2  a n d  2 4 . 3  t e s t s  
w e r e  d e s i g n e d  to  i n v e s t i g a t e  t h e  e f f e c t s  of i n c l i n a t i o n  on  
t h e  c l e a n i n g  s t r e s s ,  a n d  t h e s e  r e s u l t s  a r e  s h o w n  in T a b l e s  
9 . 4 . 2 0 , 2 1  a n d  2 2 .  T a b l e  9 . 3 . 7  i n d i c a t e s  t h e  c o n d i t i o n s  
u n d e r  w h i c h  t h e s e  t e s t s  w e r e  p e r f o r m e d .  T h e  r e s u l t s  a r e  
s h o w n  g r a p h i c a l l y  by  F i g u r e  7 . 2 4 .  T h e  r e s i d u a l  a r e a l  d u s t
l o a d  is s h o w n  p l o t t e d  a g a i n s t  t h e  c a k e  c l e a n i n g  s t r e s s .
T h i s  g r a p h  s h o w s  t h a t  t h e  c a k e s  f o r m e d  o n  a v e r t i c a l l y  
o r i e n t a t e d  f i l t e r  m e m b r a n e  do  n o t  c l e a n  as e a s i l y  as c a k e s  
f o r m e d  on an u p f a c i n g  m e m b r a n e .  C a k e s  f o r m e d  o n  a 
d o w n f a c i n g  f i l t e r  c l e a n  m o r e  e a s i l y  t h a n  t h o s e  f o r m e d  o n  "a
v e r t i c a l l y  o r i e n t a t e d  f i l t e r  a n d  l e s s  e a s i l y  t h a n  t h o s e
f o r m e d  on  an u p  f a c i n g  f i l t e r  c l o t h .  N o  a c c e p t a b l e  
e x p l a n a t i o n s  f o r  t h e s e  p h e n o m e m a  c a n  be p r o p o s e d .  F i g u r e  
7 . 2 5  s h o w s  a s l i g h t  i n c r e a s e  in t h e  s p e c i f i c  c a k e  
r e s i s t a n c e  w i t h  f i l t e r  i n c l i n a t i o n  a n d  t h e r e f o r e  d o e s  n o t  
h e l p  to c l a r i f y  t h e  r e s u l t s  o b s e r v e d  in F i g u r e  7 . 2 4 .
S i m i l a r l y  t h e  i n c r e a s e  in p a r t i c l e  s i z e  of u p f a c i n g  f i l t e r  
c a k e s ,  s h o w n  in F i g u r e  7 . 3 9  ( S e c t i o n  7 . 1 0 ) ,  d o e s  n o t
c o r r e s p o n d  w i t h  t h e  i n c r e a s e  in s p e c i f i c  c a k e  r e s i s t a n c e
( F i g u r e  7 . 2 5 )  w i t h  f i l t e r  i n c l i n a t i o n .  A g a i n  no
s a t i s f a c t o r y  e x p l a n a t i o n  of t h i s  p h e n o m i n o n  is a v a i l a b l e .
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A l t h o u g h  the f l y - a s h  u s e d  in the f i l t e r  t e sts was 
a p p r o x i m a t e l y  s p h e r i c a l  it had a w i d e  p a r t i c l e  size 
d i s t r i b u t i o n  and h e n c e  any a t t e m p t  to p r e d i c t  the cake 
r e s i s t a n c e  f r o m  p a c k e d  bed t h e o r y  was c o n s i d e r e d  i n a p p r o p r i a t e .
Bo  e t . a l  C 4 1 1  s h o w s
t h a t  p e r m e a b i l i t y ,  t h o u g h  h e a v i l y  d e p e n d e n t  u p o n  p a r t i c l e  
s i z e ,  is a l s o  d e p e n d e n t  u p o n  t h e  w a y  in w h i c h  t h e  p a r t i c l e s  
a r e  d e p o s i t e d ,  a n d  h e n c e  t h e  b e d  p o r o s i t y .
G e n e r a l l y ,  t h e r e f o r e ,  a l t h o u g h  no c l e a r  t r e n d  in t h e  
c a k e  c l e a n i n g  s t r e s s  of c a k e s  f o r m e d  at i n c l i n a t i o n s  w h i c h  
a r e  u p f a c i n g  a n d  d o w n f a c i n g  c a n  be d i s c e r n e d ,  it is c l e a r  
t h a t  t h e  o v e r i d i n g  f a c t o r s  in a c t u a l  f i l t e r  o p e r a t i o n  is 
l i k e l y  to be t r a n s p o r t  of d u s t  a w a y  f r o m  t h e  f i l t r a t i o n  
surface.
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Figure 7.24 The effect of inclination.
(Standard acceleration tests.)
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Figure 7.25 The effect of inclination on specific cake
resistance.
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7 . 4  S t u d y  o f  t h e  e f f e c t  o f  c l e a n i n g  t i m e .
Th.e r e m o v a l  of f i l t e r  c a k e s  f r o m  an  i n c l i n e d  f i l t r a t i o n
s u r f a c e  as w e l l  as d e p e n d i n g  on  t h e  d i s p l a c e m e n t  f o r c e s
g e n e r a t e d  , a l s o  d e p e n d s  u p o n  t h e  c a k e  t r a n s p o r t  d o w n  t h e
i n c l i n e d  s u r f a c e .  T h e  t i m e  t a k e n  to t r a n s p o r t  t h e  f i l t e r  c a k e  
d o w n  t h e  s u r f a c e  h a s  b e e n  i n v e s t i g a t e d .  T h e  e x p e r i m e n t a l  
p r o c e d u r e  a d o p t e d  f o r  t h e s e  t e s t s  is d e s c r i b e d  in S e c t i o n  
6 . 2 . 8  a n d  t h e  t e s t  c o n d i t i o n s  a r e  s u m m a r i s e d  in T a b l e  9 . 3 . 4 .
F i l t e r  c l e a n i n g  t i m e s  of up to 15  s e c o n d s  h a v e  b e e n
s t u d i e d  d u r i n g  t h e  S e r i e s  1 3 . 5  a n d  1 3 . 6  t e s t s .  T e s t s  w e r e  to 
be r e p o r t e d  f o r  c l e a n i n g  t i m e s  up t o  3 0  s e c o n d s  b u t  t h e s e
r e s u l t s  w e r e  u n d e r t a k e n  u s i n g  a d i f f e r e n t  c l o t h  ( c l o t h  1 2 ) ,  
a n d  it w a s  l a t e r  f o u n d  t h a t  d u e  t o  c o n s t r u c t i o n a l  a n d  c l o t h
t e n s i o n i n g  d i s p a r i t i e s  t h e s e  l a t t e r  r e s u l t s  a r e  n o t
a p p l i c a b l e .
F i g u r e  7 . 2 6  s h o w s  t h e  e f f e c t s  of v i b r a t i o n a l  c l e a n i n g  
t i m e  on t h e  r e s i d u a l  f i l t e r  p r e s s u r e  d i f f e r e n c e  for. b o t h  
u p f a c i n g  a n d  v e r t i c a l  f i l t e r  c l o t h s .  F o r  o b v i o u s  r e a s o n s  it 
w a s  n o t  t h o u g h t  w o r t h w h i l e  t o  u n d e r t a k e  a s e r i e s  of t e s t s  o n  a 
d o w n f a c i n g  f i l t e r  s u r f a c e .  F i g u r e  7 . 2 7  s h o w s  t h e  e f f e c t  of 
c l e a n i n g  t i m e  on c a k e  r e s i d u a l  a r e a l  d u s t  l o a d .  As e x p e c t e d ,  
f o r  v e r t i c a l l y  o r i e n t a t e d  f i l t e r  c l o t h s ,  v e r y  l i t t l e  
i m p r o v e m e n t  in f i l t e r  p r e s s u r e  d r o p  o r  r e s i d u a l  c a k e  l o a d i n g  
is a c h i e v e d  a f t e r  t h e  f i r s t  s e c o n d  of v i b r a t i o n .  F o r  u p w a r d  
f a c i n g  i n c l i n e d  f i l t e r s ,  h o w e v e r ,  a s i g n i f i c a n t  i m p r o v e m e n t  in 
f i l t e r  p r e s s u r e  d r o p  a n d  r e s i d u a l  a r e a l  d u s t  l o a d  m a y  be 
a c h i e v e d  by e x t e n d i n g  t h e  p e r i o d  of v i b r a t i o n a l  c l e a n i n g .
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C o m p a r i n g  t h e  r e s u l t s  of v e r t i c a l l y  o r i e n t a t e d  a n d  i n c l i n e d
f i l t e r s  it is c l e a r  t h a t  c l e a n i n g  f o r  p e r i o d s  in e x c e s s  of 20 
s e c o n d  s' a r e  n o t  l i k e l y  to p r o d u c e  s i g n i f i c a n t  a d d i t i o n a l  c a k e  
r e m o v a l .  T h i s  c o n c l u s i o n ,  h o w e v e r ,  is s p e c i f i c  to  t h e  
e x p e r i m e n t a l  c o n d i t i o n s  d e s c r i b e d  in T a b l e  9 . 3 . 4  a n d  it is 
c o n s i d e r e d  p o s s i b l e  t h a t  it m a y  n o t  be a p p l i c a b l e  f o r  
d i f f e r e n t  c l e a n i n g  f r e q u e n c i e s ,  a c c e l e r a t i o n s ,  d i s p l a c e m e n t s  
a n d  f i l t e r  s i z e s .
A c i n e  f i l m  of t h e  f i l t e r  c a k e  r e m o v a l  at i n c l i n a t i o n s  of 
0 d e g r e e s  a n d  at + 4 5  d e g r e e s  h a s  b e e n  s u b j e c t  to  f r a m e  b y
f r a m e  a n a l y s i s  in o r d e r  t o  d e t e r m i n e  t h e  t r u e  c a k e  r e m o v a l  
t i m e .  F o r  t h i s  p u r p o s e  t h e  a c c e l e r a t i o n  a p p l i e d  to  t h e  c l o t h  
c e n t r e  w a s  20 t i m e s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  at a 
f r e q u e n c y  of 1 0 0  H z .  T h i s  p r o c e s s  g a v e  a m i n i m u m  c l e a n i n g  
t i m e  f o r  v e r t i c a l  f i l t e r s  of a p p r o x i m a t e l y  1 s e c o n d ,  a n d  at a n  
i n c l i n a t i o n  of  + 4 5  d e g r e e s  it g a v e  a c l e a n i n g  t i m e  of  3 . 7 5  
s e c o n d s .  T h i s  c l e a n i n g  t i m e  w a s  a p p r o x i m a t e d  f r o m  t h e  t i m e  
t a k e n  f o r  t h e  c a k e  at t h e  t o p  of t h e  f i l t e r  t o  be  t r a n s p o r t e d
or t o  f a l l  to t h e  b o t t o m  of t h e  f i l t e r .
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Figure 7.26 The effect of cleaning time.
(Single cycle tests.)
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Figure 7.27 The effect of cleaning time.
(Single cycle tests.)
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7 . 5  S t u d y  o f  t h e  e f f e c t s  o f  f i l t e r  medi um on f i l t e r  c l e a n i n g
e f f i c i e n c y  a n d  on  f i l t r a t i o n .
T h e  f i l t r a t i o n  a n d  c l e a n i n g  c h a r a c t e r i s t i c s  of s i x  t y p e s  
of f i l t e r  m a t e r i a l  w e r e  t e s t e d  f o r  l o n g  t e r m  p r e s s u r e  
d i f f e r e n c e  a n d  i n d u c e d  c l e a n i n g  s t r e s s .
T h e  c h a r a c t e r i s t i c s  of t h e  f i l t e r  m a t e r i a l  a r e  s h o w n  in 
T a b l e  9 . 3 . 6 .  I n c l u d e d  in t h i s  s t u d y  is an a s s e s s m e n t  of t h e  
t e n s i o n  a p p l i e d  to a f i l t e r  m a t e r i a l  a n d  t h e  e f f e c t  on 
c l e a n i n g  e f f i c i e n c y  of t h e  s u p p o r t  m e s h .  A l l  c l o t h s  w e r e  
m o u n t e d  in e x a c t l y  t h e  s a m e  w a y  ( e x c e p t  f o r  t e n s i o n  a n d  
s u p p o r t  t e s t s  2 2 , 2 3 , 2 4  a n d  2 5 )  a n d  f i l t r a t i o n  w a s  c a r r i e d  o u t  
f o r  6 0  or m o r e  c y c l e s  , as d e s c r i b e d  in S e c t i o n  6 . 2 . 7  u s i n g  
t h e  c o n d i t i o n s  s h o w n  in T a b l e  9 . 3 . 6 ,  b e f o r e  c l e a n i n g  o f f  w i t h  
c o m p r e s s e d  a i r .  A f u r t h e r  c a k e  w a s  t h e n  d e p o s i t e d  a n d  a 
s t a n d a r d  a c c e l e r a t i o n  t e s t  p e r f o r m e d  as d e s c r i b e d  in S e c t i o n  
6 .2 .8 .
T h e  s t e a d y  s t a t e  c l e a n  p r e s s u r e  d i f f e r e n c e  a f t e r  6 0
c y c l e s  is r e c o r d e d  in T a b l e  9 . 4 . 1 4  f o r  e a c h  c l o t h  o r  f i l t e r  
m a t e r i a l .  T h e  l o n g  t e r m  t e s t i n g  of e a c h  f i l t e r  m a t e r i a l  w a s  
i m p o r t a n t  f r o m  t h e  c o m m e r c i a l  a s p e c t  of t h i s  r e s e a r c h .  T h e  
a b i l i t y  to c l e a n  f i l t e r  m a t e r i a l s  w h i c h  h a v e  a s m o o t h  s u r f a c e  
a n d  w h i c h  p r o d u c e  a h i g h  f i l t r a t i o n  e f f i c i e n c y  ( s u c h  as
W . L . G o r e  a n d  A s s o c i a t e s '(UK) I t d ( G o r e t e x )  P T F E  c o a t e d  f i l t e r  
m a t e r i a l s )  h a s  b e e n  p r o v e d  p r e v i o u s l y  [ 4 2 , 4 3 1  b o t h  in t h i s
i n v e s t i g a t i o n  a n d  in t h o s e  r e f e r r e d  t o  in C h a p t e r  2.
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T h e  h i g h  c o s t  a n d  l i m i t e d  a p p l i c a b i l i t y  of s u c h  m a t e r i a l s  
to m a n y  f i l t r a t i o n  d u t i e s ,  h o w e v e r ,  l e a d  t h e  r e s e a r c h  t o w a r d s  
a v a r i e t y  of a l t e r n a t i v e  f i l t e r  m a t e r i a l s .  F o r  c o m p a r i s o n  
p u r p o s e s  t w o  h i g h  g r a d e  G o r e t e x  f i l t e r  m a t e r i a l s  w e r e  a l s o  
i n c l u d e d .  It c a n  be  s e e n  t h a t  a G o r e t e x  f i l t e r  m a t e r i a l  w i t h  
a l i g h t w e i g h t  p o l y e s t e r  b a c k i n g  s c r i m  o p e r a t e s  at t h e  l o w e s t  
s t e a d y  s t a t e  c l e a n e d  f i l t e r  p r e s s u r e  d r o p  of a n y  of t h e  
m a t e r i a l s  t e s t e d .  T h e  G o r e t e x  e p i t r o p i c  m a t e r i a l  d o e s  n o t  
h o w e v e r  o p e r a t e  at s u c h  a lo w v a l u e .  T h e  f e l t  [ 4 4 1  a n d  p a p e r  
f i l t e r  m a t e r i a l s  o p e r a t e  s a t i s f a c t o r i l y  t h o u g h  p e n e t r a t i o n  of 
p a r t i c l e s  c a u s e d  a s i g n i f i c a n t  i n c r e a s e  in s t e a d y  s t a t e  
p r e s s u r e  d r o p  a n d  in s o m e  c a s e s  e x c e s s i v e  s o l i d  p a s s  t h r o u g h  
or  s e e p a g e  of p a r t i c l e s .
T h e  e f f e c t s  on  t h e  s t e a d y  s t a t e  p r e s s u r e  d r o p  o f  t h e  
m e m b r a n e  t e n s i o n  a n d  t h e  p r e s e n c e  of m e m b r a n e  s u p p o r t  m e s h  h a s  
a l s o  b e e n  i n v e s t i g a t e d .  T h e  p e r t i n e n t  r e s u l t s  ( S e r i e s  22  t o  
2 5 )  i n d i c a t e  t h a t  t h e  d e g r e e  of t e n s i o n  h a s  l i t t l e  e f f e c t  o n  
t h e  f i l t e r  o p e r a t i o n ,  ( p r o b a b l y  d u e  to t h e  d a m p e n i n g  e f f e c t  of 
f i l t e r  c a k e ) ,  b u t  t h a t  t h e  p r e s e n c e  of f i l t e r  s u p p o r t  m e s h  is 
c r u c i a l  to  c a k e  c l e a n i n g .  T h i s  r e s u l t  w o u l d  i n d i c a t e  t h a t  t h e  
e f f e c t  of t h e  s u p p o r t  m e s h  on  t h e  t r a n s f e r r e n c e  of  m o t i o n  t o  
t h e  f i l t e r  m a t e r i a l  a n d  h e n c e  to t h e  f i l t e r  c a k e  is a 
f u n d a m e n t a l  p r o c e s s  in t h e  c l e a n i n g  of f l a t  f i l t e r  m e m b r a n e s .
D u r i n g  t h e  l o n g  t e r m  o p e r a t i o n  t e s t s  t h e  d i f f e r e n c e s  
b e t w e e n  f i l t e r  m a t e r i a l s  a n d  m o u n t i n g  c o n d i t i o n s  b e c a m e  m o r e  
p r o n o u n c e d  as t h e i r  a b i l i t y  to t r a n s m i t  v i b r a t i o n s  b e c a m e  m o r e  
i m p o r t a n t .  T h i s  e f f e c t  is a c c e n t u a t e d  b y  t h e  u s e  o f  
n o n - r e s o n a n t ,  low a c c e l e r a t i o n  v i b r a t i o n s  u s e d  d u r i n g  t h e  t e s t
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p r o c e d u r e .  T h e  u s e  of l i g h t w e i g h t ,  w e l l  t e n s i o n e d  s u r f a c e  
f i l t e r  m a t e r i a l s  w i t h  a s u p p o r t  m e s h  a r e ,  t h e r e f o r e ,  
r e c o m m e . n d e d  f o r  u s e  in t h i s  t y p e  of f l a t  g e o m e t r y  f i l t e r .
F i g u r e s  7 . 2 8  a n d  7 . 2 9  s h o w  t h e  r e s u l t s  of s t a n d a r d  
a c c e l e r a t i o n  t e s t s  on e a c h  f i l t e r  m a t e r i a l .  ( T e s t s  19  t o  2 7  
s h o w n  in T a b l e s  9 . 4 . 1 5  to  9 . 4 . 3 4 ) .  It c a n  b e  s e e n  f r o m  t h e s e  
g r a p h s  t h a t  t h e  s t r e s s  r e q u i r e d  to r e m o v e  c a k e  f r o m  a l l  c l o t h s  
( e x c e p t  s a m p l e  20 ( f e l t ) )  is a p p r o x i m a t e l y  c o n s t a n t  e x c e p t  
t h a t  t h e  u l t i m a t e  p o s s i b l e  d e g r e e  of c l e a n i n g  v a r i e s .  T h i s  
a n o m a l l y  m a y  be e x p l a i n e d  in t e r m s  of s u r f a c e  s t r u c t u r e .  T h e  
s u r f a c e  c h a r a c t e r i s t i c s  of t h e  f e l t e d  f i l t e r  m a t e r i a l  d i f f e r s  
f r o m  t h a t  of a l l  o t h e r  f i l t e r  m a t e r i a l s  w h i c h  h a v e  b e e n  u s e d  
in t h i s  t e s t  p r o g r a m m e .  T h e  e x i s t a n c e  of f i b r e s  w h i c h  e x t e n d  
b e y o n d  t h e  b u l k  f i l t e r  m a t e r i a l  [ 4 5 1  a l l o w s  t h e  i n c l u s i o n  of 
f i b r e s  i n t o  t h e  b u l k  of t h e  c a k e  m a s s .  T h i s  h a s  t h e  e f f e c t  of 
a n c h o r i n g  t h e  c a k e  to t h e  f i l t e r  m a t e r i a l  a n d ,  t h e r e f o r e ,  
i n c r e a s e s  t h e  c a k e  b o n d  s t r e n g t h  a n d  h e n c e  t h e  c a k e  c l e a n i n g  
s t r e s s .  T h e  c a k e  b o n d  s t r e n g t h  is i n c r e a s e d  by  i n c r e a s i n g  t h e  
a r e a  of c o n t a c t  b e t w e e n  t h e  f i l t e r  c a k e  a n d  t h e  f i l t e r  
m a t e r i a l .  P a p e r  f i l t e r  m a t e r i a l s  ( s a m p l e s  26 a n d  2 7 )  a l l o w  
p a r t i c l e  p e n e t r a t i o n ,  as d o e s  t h e  f e l t e d  m a t e r i a l ,  b u t  t h e y  d o  
n o t  h a v e  a n y  f i b r e s  e x t e n d i n g  b e y o n d  t h e  b u l k  m a t e r i a l .  T h e  
c a k e  b o n d  s t r e n g t h  or c a k e  c l e a n i n g  s t r e s s  is t h e r e f o r e  a 
s i m i l a r  v a l u e  to t h a t  o b t a i n e d  f o r  s u r f a c e  f i l t r a t i o n ,  u s i n g  
t h e  G o r e t e x  s m o o t h  s u r f a c e d  m a t e r i a l .  T h e  r e s i d u a l  d u s t  l o a d ,  
h o w e v e r ,  is e f f e c t e d  by p a r t i c l e s  p e n e t r a t i n g  i n t o  t h e  b u l k  o f  
t h e  f i l t e r  m a t e r i a l .  T h e  f i b r o u s  m a t e r i a l  a n d  t h i n  
l i g h t w e i g h t  p a p e r  m a t e r i a l s  a l l o w  s i g n i f i c a n t  p e n e t r a t i o n  a n d  
do  no t  t h e r e f o r e  c l e a n  to t h e  s a m e  lo w r e s i d u a l  c a k e  m a s s .
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T h i s  d i s c u s s i o n ,  t h e r e f o r e ,  l e a d s  to t h e  c o n c l u s i o n  t h a t  t h e  
p r i m a r y  m o d e  of c a k e  r e m o v a l  is by  b r e a k i n g  t h e  b o n d s  b e t w e e n  
p a r t i c l - e s  w h i c h  a r e  c l o s e  to t h e  f i l t e r  s u r f a c e .  As s h o w n  in 
S e c t i o n  3 . 1 ,  t h e  s t r e s s  i n d u c e d  by an a p p l i e d  a c c e l e r a t i o n  of 
t h e  f i l t e r  c a k e  is g r e a t e s t  at t h e  c a k e / f i l t e r  i n t e r f a c e .  A 
c a k e  w h i c h  is f o r m e d  w i t h i n  t h e  b u l k  of t h e  f i l t e r  m a t e r i a l  
a n d  e x t e n d s  b e y o n d  t h e  f i l t e r  s u r f a c e  m u s t  b r e a k  
p a r t i c l e / p a r t i c l e  b o n d s  f o r  c a k e  c l e a n i n g  to  o c c u r .  S i n c e  t h e  
e x p e r i m e n t a l l y  d e t e r m i n e d  c a k e  c l e a n i n g  s t r e s s  of b o t h  s u r f a c e  
t y p e  f i l t e r s  a n d  f i l t e r s  w h i c h  a l l o w  p e n e t r a t i o n  a r e  
a p p r o x i m a t e l y  t h e  s a m e ,  it m a y  be i n f e r r e d  t h e r e f o r e  t h a t  in 
b o t h  c a s e s  t h e  p r i m a r y  m e t h o d  of c a k e  r e m o v a l  is by  b r e a k i n g  
p a r t i c l e / p a r t i c l e  b o n d s .  F r o m  t h i s  it m a y  a l s o  be a s s u m e d  
t h a t  f o r  t h e  f i l t e r  m a t e r i a l s  w h i c h  h a v e  b e e n  s t u d i e d  a n d  f o r  
t h e  f l y a s h  d u s t  u s e d  in t h e s e  t e s t s ,  t h a t  t h e  p a r t i c l e / f i l t e r  
c l o t h  b o n d  s t r e n g t h  is g r e a t e r  t h a n  t h e  p a r t i c l e / p a r t i c l e  b o n d  
s t r e n g t h .  A f u r t h e r  i n f e r r e n c e  is t h a t  the e f f e c t i v e  c a k e  
a d h e s i o n  a r e a  is a p p r o x i m a t e l y  t h e  s a m e  f o r  s u r f a c e  f o r m e d  
c a k e s  as f o r  p e n e t r a t e d  c a k e s .  T h e  i n c r e a s e  in c a k e  a d h e s i o n  
a r e a  by t h e  u s e  of f e l t e d  f i l t e r  m a t e r i a l s  t h e r e f o r e  i n c r e a s e s  
c a k e  a d h e s i o n  f o r c e s .
T a b l e s  9/4. 1 5  to 9.4.34 i n d i c a t e  a w i d e  s p r e a d  in the 
m e a s u r e s  v a l u e s  of s p e c i f i c  cake r e s i s t a n c e  for c o n s t a n t  
r ate c o n d i t i o n s .  D a v i s  e t .al (46) have s u g g e s t e d  that 
the c l o t h  t ype will a f f e c t  the r e s i s t a n c e  of the o v e r l a y i n g  
c ake but that s u c h  an e f f e c t  w ill be l i m i t e d  to the 
" c a k e  r e p a i r "  p o r t i o n  of the o p e r a t i o n a l  cycle. A l t h o u g h  
the i n i t i a l  d e p o s i t i o n  m e c h a n i s m  v a r i e s  b e t w e e n  f e l t e d  
and s u r f a c e  type f i l t e r s  they e x p r e s s  a d o u b t  that this
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w i l l  s i g n i f i c a n t l y  a f f e c t  the the s p a c i f i c  r e s i s t a n c e  
of an e s t a b l i s h e d  cake p r o v i d e d  that " c a k e  f i l t r a t i o n "  
has bee-n e s t a b l i s h e d  and c o n s t a n t  rate c o n d i t i o n s  are 
m a i n t a i n e d .  A l t h o u g h  a n u m b e r  of s u r f a c e  type c l o t h s  
were used and small v a r i a t i o n s  in the i n i t i a l  d e p o s i t i o n  
m e c h a n i s m s  are e x p e c t e d ,  t h e s e - d o  not a d e q u a t e l y  e x p l a i n  
the r e p o r t e d  d i f f e r e n c e s  in s p e c i f i c  cake r e s i s t a n c e .
The' m e a n  s p e c i f i c  c a k e  r e s i s t a n c e  f r o m  t h e  f o u r  t e s t s
p e r f o r m e d  on s i m i l a r  f i l t e r  m a t e r i a l s  is a p p r o x i m a t e l y  2 9 3  
2
k P a / ( m / s . k g / m  ) p l u s  or m i n u s  1 7 % .  T h e  s p e c i f i c  c a k e  
r e s i s t a n c e  o b t a i n e d  w h e n  u s i n g  t h e  r e m a i n i n g  f i l t e r  m e d i a  is 
w i t h i n  t h i s  e x p e r i m e n t a l  e r r o r .
- S p e c i f i c  c a k e  r e s i s t a n c e  is g i v e n  b y ( S ee s e c t i o n  3 ) : -
M v  ca
V a l u e s  of t h e  r a t e  at w h i c h  t h e  p r e s s u r e  d r o p  i n c r e a s e s
(s) a n d  t h e  f i l t r a t i o n  t i m e  Ct) a r e  m o s t  s u s c e p t a b l e  t o  e r r o r
b e c a u s e  t h e s e  v a l u e s  w e r e  d e t e r m i n e d  f r o m  t h e  p r e s s u r e
d r o p / t i m e  c u r v e s  w h i c h  w e r e  p l o t t e d  b y  c h a r t  r e c o r d e r .  T h e
v a l u e  of s is c o n s i d e r e d  m o s t  v a r i a b l e  as t h e  p o i n t  at w h i c h  a
p r e s s u r e  d r o p / t i m e  c u r v e  b e c o m e s  l i n e a r  is n o t  c l e a r l y
d e f i n e d .  V a l u e s  of M ( c a k e  a r e a l  m a s s )  a r e  e f f e c t e dc a
m a i n l y  by d u s t  a d h e r i n g  to n o n - f i  1 1 r a t i o n  a r e a s  of t h e  f i l t e r  
f r a m e  a n d  d u e  to s m a l l  d u s t  l o s s e s  d u r i n g  f r a m e  r e m o v a l  a n d  
w e i g h i n g .  T h e  f i l t r a t i o n  v e l o c i t y  v is c o n t r o l l e d  w e l l  w i t h i n  
a c c e p t a b l e  l i m i t s  of a c c u r a c y .
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Figure 7.28 The effect of cloth type.
(Standard acceleration tests.) 207
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Figure 7.29 The effect of cloth type. 20 8
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7 . 6  The  e f f e c t  o f  f i l t r a t i o n  v e l o c i t y  on c l e a n i n g  and
fi L t r a t i o n .
T h e  e f f e c t s  of v a r i a t i o n s  in t h e  s u p e r f i c i a l  g a s  v e l o c i t y  
on  t h e  p r e s s u r e  d r o p  of an e x i s t i n g  s t a b l e  f i l t e r  c a k e  is w e l l  
k n o w n  ( F i g u r e  3 . 1 2 ;  S e c t i o n  3 . 3 )  [ 3 1 , 3 0 , 3 3 , 4 7 , 4 8 , 4 9 1 .
H o w e v e r ,  t h e  e f f e c t s  of s u p e r f i c i a l  p a r t i c l e  d e p o s i t i o n
v e l o c i t y  on t h e  c a k e / f i l t e r  b o n d  s t r e n g t h  or  c a k e  r e m o v a l  
s t r e s s  is n o t  w e l l  u n d e r s t o o d .  It w o u l d  be e x p e c t e d  t h a t  low 
p a r t i c l e  a p n r o a - c h  v e l o c i t i e s  w o u l d  r e s u l t  in a n  i n c r e a s e d  
H e n e t r a t i o r .  i n t o  t h p  -fitter m e d i u m  a n d  s u b s e q u e n t  c a k e  b e c a u s e  
of p a r t i c l e s  t e n d i n g  to f o l l o w  t h e  s t r e a m l i n e s .  T h i s  w o u l d  
l e a d  to an i n c r e a s e  in b o t h  t ^ e  c a k e  d e n s i t y  a n d  t h e  i n t e n s i t y  
of t h e  p a r t i c l e / p a r t i c l e  a n d  p a r t i c I e / mediurn b o n d s  h e n c e  
r e s u l t i n g  in a h i g h e r  c l e a n i n g  s t r e s s  r e q u i r e m e n t .  F i g u r e s 7 . 3 0  
a n d  7 . 3 1  s e e m  to c o n f i r m  t h i s  a s s e r t i o n .  T h i s  p h e n o m e n a  m a y
a l s o  be  e x p l a i n e d  in t e r m s  o f d e p o s i t e d  c a k e  m a s s .  As s h o w n  in 
F i g u r e  7 . 3 0  t h e  o v e r r i d i n g  e f f e c t  of f i l t r a t i o n  a t d i f f e r e  
s u p e r f i c i a l  v e l o c i t i e s  is t h e  v a r i a t i o n  in c o l l e c t e d  c a k e
m a s s  at a se t v a l u e  of m a x i m u m  f i l t r a t i o n  p r e s s u r e  d r o p  (9 
i n s . w . g . ,  2 . 2 4  k P a ) .  As d i s c u s s e d  in S e c t i o n  7 . 8  t h e  e f f e c t  
of i n c r e a s i n g  c a k e  m a s s  by s i m p l y  f i l t e r i n g  to a v a r i a b l e  s e t  
p r e s s u r e  d r o p  r e s u l t s  in an i n c r e a s e  in c a k e  c l e a n i n g  s t r e s s ,
as s h o w n  in F i g u r e  7 . 3 6 .  T h e  e f f e c t s  of f i l t r a t i o n  v e l o c i t y
v a r i a t i o n s  on c a k e  c l e a n i n g  s t r e s s  a r e  t h e r e f o r e  c o n f u s e d  w i t h  
t h e  e f f e c t s  of c a k e  m a s s .
S i n c e  t h e  f o r c e s  i n v o l v e d  in p a r t i c l e  a d h e s i o n  a r e
s t r o n g l y  d e p e n d e n t  u p o n  t h e  p a r t i c l e  p a c k i n g  d e n s i t y  (a s
d e s c r i b e d  in S e c t i o n  3 . 1 . 1 ) ,  a n d  t h i s  p a r a m e t e r  a l s o  e f f e c t s
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t h e  s p e c i f i c  c a k e  r e s i s t a n c e ,  t h e n  a n y  i n f o r m a t i o n  a b o u t  t h e  
e f f e c t  of s u p e r f i c i a l  f i l t r a t i o n  v e l o c i t y  o n  s p e c i f i c  c a k e  
r e s i s t a n c e  m a y  a l s o  be r e l a t e d  to  i t s  e f f e c t  u p o n  c a k e  
c l e a n i n g  s t r e s s .  F i g u r e  7 . 3 2  s h o w s  t h e  r e l a t i o n s h i p  b e t w e e n  
s u p e r f i c i a l  f i l t r a t i o n  v e l o c i t y  a n d  s p e c i f i c  c a k e  r e s i s t a n c e .  
At h i g h  s u p e r f i c i a l  g a s  v e l o c i t i e s  t h e  s p e c i f i c  c a k e  
r e s i s t a n c e  is i n c r e a s e d  s i g n i f i c a n t l y ,  t h o u g h  n o t  as m u c h  as 
t h a t  p r e d i c t e d  b y  D e n n i s  C 3 0 D  e t . a l .  by  t h e  e q u a t i o n  :-
■3 .5 7
A g a i n  t h e  e r r o r s  in s p e c i f i c  c a k e  r e s i s t a n c e  v a l u e s  a r e  
h i g h  as d i s c u s s e d  in S e c t i o n  7 . 5 ,  a l t h o u g h  in t h i s  c a s e  t h e  
e f f e c t  of s u p e r f i c i a l  f i l t r a t i o n  v e l o c i t y  is b e y o n d  t h e  r a n g e  
of e x p e r i m e n t a l  e r r o r .  T h i s  o b s e r v a t i o n  d o e s  n o t  a g r e e  w i t h  
r e s u l t s  o b t a i n e d  in l i q u i d  f i l t r a t i o n  C 5 0 D  w h e r e  c a k e  
r e s i s t a n c e  is r e d u c e d  at h i g h  v e l o c i t i e s .
T h e  e f f e c t s  of f i l t r a t i o n  v e l o c i t y  on t h e  p e r f o r m a n c e  of 
c y c l i c a l l y  o p e r a t e d  f i l t e r s  is i m p o r t a n t .  T h e  ex i s t a n c e  of 
c l e a n e d  a n d  u n c l e a n e d  a r e a s  of f i l t e r  m e d i u m  i m m e d i a t e l y  a f t e r  
c a k e  c l e a n i n g ,  r e s u l t s  in a w i d e l y  v a r y i n g  s p e c i f i c  f i l t r a t i o n  
v e l o c i t y .  T h e  l o c a l i s e d  f i l t r a t i o n  v e l o c i t y  o n  a p o o r l y  
c l e a n e d  f i l t e r  c a n  be m a n y  t i m e s  t h e  s u p e r f i c i a l  f i l t r a t i o n  
v e l o c i t y  a n d  i n i t i a l  c a k e s  f o r m e d  on  c l e a n e d  a r e a s  o f  f i l t e r  
m e d i u m  m a y  h a v e  v e r y  h i g h  v a l u e s  of s p e c i f i c  c a k e  r e s i s t a n c e .  
F r o m  t h e  e x p e r i m e n t s  d e s c r i b e d  h e r e ,  h o w e v e r ,  it s e e m s
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u n l i k e l y  t h a t  w i d e  v a r i a t i o n s  in c a k e  b o n d  s t r e n g t h  a r e  a l s o  
i n d u c e d  on t h e s e  c l e a n e d  a r e a s  as a r e s u l t  of h i g h  f i l t r a t i o n  
v e I o c i t.y .
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Figure 7.30 The effect of filtration velocity.
(Standard acceleration tests.)
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Figure 7.31 The effect of filtration velocity.
(Standard acceleration tests.)
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Figure 7.32 The effect of superficial filtration velocity-
on specific cake resistance.
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7 . 7  The  e f f e c t s  o f  d u s t  c o n c e n t r a t i o n  on c l e a n i n g  and
f i L t r a t i o n .
F i g u r e s  7 . 3 3 ,  7 . 3 4  a n d  7 . 3 5  s h o w  t h a t  t h e r e  is v e r y  
t i t t l e  v a r i a t i o n  in c l e a n i n g  s t r e s s  i n d u c e d  d u r i n g  c l e a n i n g ,  
a n d  t h e  s p e c i f i c  c a k e  r e s i s t a n c e  of t h e  c a k e  p r i o r  to 
c l e a n i n g ,  f o r  a w i d e  r a n g e  in d u s t  c o n c e n t r a t i o n .
T h e  h i g h  s p e c i f i c  c a k e  r e s i s t a n c e  at lo w  d u s t  
c o n c e n t r a t i o n  m a y  be s i g n i f i c a n t  t h o u g h  t h i s  v a l u e  is n o t  
o u t s i d e  t h e  e x p e c t e d  e x p e r i m e n t a l  e r r o r ,  as d e s c r i b e d  in 
S e c t i o n  7 . 5 .  T h i s  o b s e r v a t i o n  is h o w e v e r  in a g r e e m e n t  w i t h  
t h a t  p r o p o s e d  by  R u s h t o n  a n d  H o s s e n i  C 5 0 1  f o r  l i q u i d  
fi l t r a t i o n .
P r o v i d e d  n o  a n o m a l o u s  v a r i a t i o n  in p a r t i c l e  s i z e  
d i s t r i b u t i o n  o c c u r s  in t h e  d u s t  l a d e n  g a s  s u p p l y  t o  t h e  
f i l t e r ,  t h e r e  is n o  r e a s o n  to s u s p e c t  t h a t  v a r i a t i o n s  in t h e  
d u s t  c o n c e n t r a t i o n  s h o u l d  s i g n i f i c a n t l y  e f f e c t  t h e  c a k e  
c l e a n i n g  s t r e s s  or  t h e  s p e c i f i c  c a k e  r e s i s t a n c e  of  t h e  
d e p o s i t e d  d u s t  c a k e .  T h e s e  r e s u l t s  a r e  l i m i t e d  to  a G o r e t e x  
f i l t e r  m a t e r i a l ,  h o w e v e r ,  w h e r e  i n i t i a l  c a k e  d e p o s i t i o n  is 
e s s e n t i a l l y  a s u r f a c e  p h e n o m e n o n .  W h e n  f i l t e r  m a t e r i a l s  w i t h  
v e r y  o p e n  s t r u c t u r e s  a r e  u s e d ,  t h e r e  is a p o s s i b i l i t y  t h a t  
i n i t i a l  c a k e  f o r m a t i o n  m a y  be e f f e c t e d  b y  t h e  d u s t  
c o n c e n t r a t i o n  of g a s  to be f i l t e r e d .  T h i s  is d u e  t o  t h e  
i n c r e a s e d  p r o b a b i l i t y  of m o r e  t h a n  o n e  p a r t i c l e  a p p r o a c h i n g  a 
f i l t e r  p o r e  at t h e  s a m e  t i m e .
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Figure 7.33 The effect of dust concentration.
(Standard acceleration tests.)
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Figure 7.34 The effect of dust concentration.
(Standard acceleration tests.)
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Figure 7.35 The effect of dust concentration on
specific cake resistance.
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7 . 8  S t u d y  o f  t h e  e f f e c t  o f  c a k e  mass on r e s i d u a l  c a k e  l o a d .
T h e  r e m o v a l  of f i l t e r  c a k e s  f r o m  v i b r a t e d  f i l t e r  
m e m b r a n e s  is d e p e n d e n t  u p o n  t h e  c l e a n i n g  f o r c e  or  s t r e s s  w h i c h  
is i n d u c e d  w i t h i n  t h e  c a k e .  T h i s  f o r c e  is p r o d u c e d  b y  t h e  
a c c e l e r a t i o n  a p p l i e d  to t h e  f i l t e r  c l o t h  a n d  a t t a c h e d  c a k e ,  
a n d  t h e  m a s s  of t h e  c a k e .  A t h i n  f i l t e r  c a k e  w i l l ,  t h e r e f o r e  
, r e q u i r e  a g r e a t e r  a c c e l e r a t i o n  f o r  a g i v e n  d e g r e e  of c a k e  
c l e a n i n g  t h a n  a t h i c k  c a k e  ( a s s u m i n g  c o n s t a n t  c a k e  d e n s i t y ) .  
F i g u r e  7 . 3 7  s h o w s  t h e  e f f e c t  of c a k e  m a s s  o n  t h e  r e l a t i o n s h i p  
b e t w e e n  a p p l i e d  a c c e l e r a t i o n  a n d  r e s i d u a l  c a k e  m a s s .  T h i s  
s h o w s  c l e a r l y  t h a t  h i g h  a c c e l e r a t i o n s  a r e  r e q u i r e d  t o  p r o d u c e  
s i g n i f i c a n t  c a k e  c l e a n i n g  w h e n  t h e  c a k e  m a s s  is l o w .  F i g u r e  
7 . 3 6  s h o w s  t h e  s a m e  r e s u l t s  p l o t t e d  in t e r m s  of a p p l i e d  c a k e  
c l e a n i n g  f o r c e  a n d  t h i s  s h o w s  t h a t  a p p r o x i m a t e l y  t h e  s a m e  
f o r c e  is r e q u i r e d  to a c h i e v e  a s i g n i f i c a n t  a m m o u n t  of  i n i t i a l  
c a k e  r e m o v a l  at b o t h  h i g h  a n d  low c a k e  l o a d i n g s .  H o w e v e r ,  in
o r d e r  to r e m o v e  a d d i t i o n a l  c a k e  a g r e a t e r  f o r c e  is r e q u i r e d  to  
p e m o v e  t h i c k e r  c a k e s  t h a n  t h a t  r e q u i r e d  to r e m o v e  t h i n  c a k e s .
T h i s  o b s e r v a t i o n  is n o t  e a s i l y  e x p l a i n e d .  A c o n t r i b u t o r y
f a c t o r  in c a k e  r e m o v a l  is t h e  o b s e r v e d  f r a g m e n t r a t i o n  o f  t h e  
f i l t e r  c a k e  b e f o r e  r e m o v a l .  A t h i c k  f i l t e r  c a k e  w i l l ,
t h e r e f o r e ,  o n l y  be d e t a c h e d  f r o m  t h e  f i l t e r  m e d i u m  w h e n  
p a r t i c l e / p a r t i c l e  b o n d s  w i t h i n  t h e  c a k e  a r e  b r o k e n  t o  a l l o w  
f r a g m e n t a t i o n  of t h e  c a k e  p r i o r  to r e m o v a l .  A t h i n  c a k e  d o e s  
n o t  r e q u i r e  t h e  b r e a k i n g  of as m a n y  s u c h  b o n d s  a n d ,  t h e r e f o r e ,  
m a y  be r e m o v e d  by a l o w e r  c a k e  c l e a n i n g  s t r e s s .
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.36 The effect of cake mass on residual 
dust load.
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Figure 7.37 The effect of cake mass on residual dust
load.
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7 . 9  P i l o t  p l a n t  t e s t s .
Thje p i l o t  p l a n t  t e s t s  d e s c r i b e d  in S e c t i o n  6 . 3  w e r e  
d e s i g n e d  p r i m a r i l y  to i n v e s t i g a t e  t h e  f e a s i b i l i t y  of f u l l  s i z e  
f l a t  g e o m e t r y  d u s t  f i l t e r s .  L i m i t e d  o p e r a t i n g  d a t a  h a s  a l s o  
b e e n  m a d e  a v a i l a b l e  f r o m  t h e  c o m m i s s i o n i n g  t r i a l s .  T a b l e s  
9 . 4 . 3 5  a n d  3 6  s h o w  t h e  o p e r a t i n g  c o n d i t i o n s  a n d  c a k e  c l e a n i n g  
r e s u l t s  f o r  t h e  i n i t i a l  p i l o t  p l a n t  t e s t s .  T h e s e  r e s u l t s  h a v e  
b e e n  c a l c u l a t e d  to g i v e  v a l u e s  w h i c h  a r e  d i r e c t l y  c o m p a r a b l e  
w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  w h i c h  w e r e  o b t a i n e d  o n  t h e  
r e s e a r c h  e q u i p m e n t ,  p r o v i d e d  c e r t a i n  b a s i c  v a r i a t i o n s  a r e  
c o n s i d e r e d .
In t h e  p i l o t  p l a n t  t e s t s  t h e r e  w e r e  no  f a c i l i t i e s  f o r  t h e  
e a s y  d i s m a n t l i n g  of t h e  e q u i p m e n t  to a l l o w  f i l t e r  f a b r i c  
c l e a n i n g  b e t w e e n  t e s t s .  As d e s c r i b e d  in S e c t i o n  6 . 3  a 
s t a n d a r d  c l e a n i n g  c y c l e  w a s  e m p l o y e d  b e t w e e n  t e s t s .  T h e  t r u e  
c a k e  m a s s  b e f o r e  v i b r a t o r y  c l e a n i n g  w a s  t h e r e f o r e  n o t  k n o w m  
a c c u r a t e l y .  As s h o w n  in T a b l e  9 . 4 . 3 6 ,  h o w e v e r ,  it c a n  b e  s e e n  
t h a t  t h e  t o t a l  m a s s  of c o l l e c t e d  d u s t  w a s  u s u a l l y  w i t h i n  5 %  of  
t h a t  f e d  to t h e  f i l t e r  ( 1 5 k g ) .  T h e  e r r o r  in v a l u e s  of  c a k e  
c l e a n i n g  f o r c e  a n d  r e s i d u a l  c a k e  m a s s e s  c a l c u l a t e d  a r e ,  
t h e r e f o r e ,  e x p e c t e d  to be a p p r o x i m a t e l y  5%.
T h e  d u s t  c o l l e c t e d  by t h e  f i l t e r  p e r  u n i t  a r e a  ( e x c l u d i n g
d r o p  o u t )  is m u c h  h i g h e r  t h a n  t h a t  u s e d  in t h e  r e s e a r c h
e q u i p m e n t .  T y p i c a l  v a l u e s  u s e d  in t h e  r e s e a r c h  e q u i p m e n t  w e r e
2
0 . 2 5  to 0 . 3 0  k g / m  w h i l s t  t h a t  e n c o u n t e r e d  o n  t h e  p i l o t
2
p l a n t  w a s  1.1 k g / m  . T h i s  m e a n s  t h a t  m u c h  l o w e r  
a c c e l e r a t i o n s  a r e  r e q u i r e d  to  p r o d u c e  t h e  m i n i m u m  c l e a n i n g
C h a p t e r  7
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f o r c e  f o r  c a k e  r e m o v a l .  No c l e a r  v a l u e  of m i n i m u m  c a k e  
c l e a n i n g  f o r c e  c a n  be d e t e r m i n e d  f r o m  F i g u r e  7 . 3 8 .  T h i s  m a y  
be  d u e  .to e i t h e r  a v e r y  lo w v a l u e  f o r  t h i s  c a k e  o r  t h e  u n e v e n  
d i s t r i b u t i o n  of v i b r a t i o n s  o v e r  t h e  f i l t r a t i o n  s u r f a c e .  As 
s h o w n  in S e c t i o n  7 . 1 0  t h e  f e e d  a n d  c a k e  p a r t i c l e  s i z e  
d i s t r i b u t i o n  is m u c h  l a r g e r  f o r  t h e  d u s t  u s e d  in t h e  p i l o t  
p l a n t  t e s t s  t h a n  t h a t  u s e d  in t h e  l a b o r a t o r y  t e s t s .
T h e  m a s s  m e d i u m  d i a m e t e r  of t h e  d u s t  c o l l e c t e d  in t h e  
p i l o t  p l a n t  is 23 m i c r o m e t e r s  w h i l s t  t h a t  c o l l e c t e d  o n  t h e  
f i l t e r  in t h e  l a b o r o t a r y  t e s t s  w a s  a p p r o x i m a t e l y  3 
m i c r o m e t e r s .  T h i s  f a c t o r  a l o n e  c o u l d  a c c o u n t  f o r  t h e  v e r y  l o w 
m i n i m u m  c a k e  c l e a n i n g  f o r c e  f o u n d  in t h e  p i l o t  p l a n t  t e s t s .
T h e  e f f e c t i v e  c a k e  c l e a n i n g  s t r e s s  f o u n d  d u r i n g  t h e s e
2
t e s t s  is t h e  m e a n  v a l u e  o v e r  t h e  w h o l e  8 m of  f i l t e r i n g  
s u r f a c e .  T h e  f i l t e r  w a s  i n c l i n e d  at 45 d e g r e e s  a n d  t h e s e  
r e s u l t s  t h e r e f o r e  r e p r e s e n t  a c o m b i n a t i o n  of b o t h  u p f a c i n g  a n d  
d o w n f a c i n g  f i l t r a t i o n  a n d  c a k e  c l e a n i n g .  M o r e o v e r  t h e  f i l t e r  
e l e m e n t s  w e r e  v i b r a t e d  at t h e  l o w e r  e d g e  of t h e  f i l t e r  a n d ,  
t h e r e f o r e ,  v i b r a t i o n a l  d i s p l a c e m e n t  d i m i n i s h e d  t o w a r d s  t h e  
t o p .
T h e  c l e a n i n g  s t r e s s e s  s h o w n  in F i g u r e  7 . 3 8  a r e  t h e r e f o r e  
v e r y  a p p r o x i m a t e  a n d  a r e  i n c l u d e d  f o r  c o m p a r i s o n  p u r p o s e s  
only.
C h a p t e r  7
Re
si
du
al
 
ar
ea
l 
du
st
 
lo
ad
 
(g
/m
Figure 7.
600
a
CNl
400 -
200 -
38 Pilot plant tests.
® Without added vibrator 
weights.
y  With added vibrator 
weights.
\
V
20 40 60
r
Force per unit area (N/m )
7 . 10 P a r t i c l e  s i z e  a n a l y s e s .
225
D u r i n g  t h e  f i l t r a t i o n  t e s t s  i t  was o b s e r v e d  t h a t  a
s i g n i f i c a n t  p o r t i o n  of t h e  f e e d  d u s t  w a s  n o t  d e p o s i t e d  o n  t h e  
f i t t e r  c a k e ,  b u t  w a s  d e p o s i t e d  in t h e  d u s t  c o l l e c t i o n  s a c k s  
w h i c h  w e r e  d e s i g n e d  to c o l l e c t  t h e  c a k e  a f t e r  r e m o v a l  f r o m  t h e  
f i l t e r  t e s t  s e c t i o n .  T h i s  m a t e r i a l  w a s  c l e a r l y  c o a r s e r  t h a n  
t h e  f e e d  d u s t  a n d  p a r t i c l e  s i z e  a n a l y s e s  of f e e d  d u s t  a n d  d u s t  
d e p o s i t e d  on t h e  f i l t e r  w e r e  u n d e r t a k e n  t o  q u a n t i f y  t h i s  
e f f e c t .  F i g u r e  7 . 3 9  s h o w s  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  of 
f e e d  d u s t ,  a n d  t h a t  of p a r t i c l e s  t a k e n  f r o m  u p f a c i n g ,  v e r t i c a l  
a n d  d o w n f a c i n g  d e p o s i t e d  f i l t e r  c a k e s .  A c l e a r  r e d u c t i o n  in
t h e  m e a n  p a r t i c l e  s i z e  o c c u r s  d u e  to d r o p  o u t  in t h e
c i r c u l a t i n g  d u c t w o r k .  A s m a l l  b u t  s i g n i f i c a n t  r e d u c t i o n  in 
t h e  m e a n  p a r t i c l e  s i z e  is a p p a r e n t  d u e  to d e p o s i t i n g  a c a k e  
e i t h e r  v e r t i c a l l y  or d o w n f a c i n g .  T h i s  p h e n o m i  n o n  is p r o b a b l y  
d u e  to a e r o d y n a m i c  e f f e c t s  d u r i n g  p a r t i c l e  t r a n s p o r t  a n d  
d e p o s  i t i o n .
T h e  s a m e  e f f e c t  c a n  be s e e n  d u r i n g  t h e  p i l o t  p l a n t  t e s t s .
F i g u r e  7 . 4 0  s h o w s  t h e p a r t i c l e  s i z e a n a  ly s i s  f o r t h e  L o n g
A n n e t  f l y a s h  u s e d i n t h e  p i l o t s c a l e t e s t s . A g a i n  a
s i g n i f i c a n t  r e d u c t i o n i n t h e  p a r t i c l e s i z e of d e p o s i t e d  d u s t
o c c u r s  p r o b a b l y  d u e t 0 t h e  a e r o d y n a m i c e f f e c t s  of p a r t i c l e
t r a n s p o r t .
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Figure 7.39 Particle size analyses.
(Stage II tests.)
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’igurc 7.4 0 Particle size analyses.
(Pilot plant tests.)
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7 . 1 1  C o m p u t e r  s i m u l a t i o n .
2 2 8
Th.e p r e d i c t i o n  of p r e s s u r e  d r o p / t i m e  c u r v e s  f o r  t h e  
p u r p o s e s  of f i l t e r  d e s i g n  is an i m p o r t a n t  a s p e c t  of f a b r i c  
f i l t r a t i o n .  T h e  u s e  of t h e  f i l t r a t i o n  e q u a t i o n s  d e s c r i b e d  in 
s e c t i o n s  3 . 3  is f u n d a m e n t a l l y  r e s t r i c t e d  to  t h e  d e p o s i t i o n  of 
u n i f o r m  c a k e s  o n t o  a u n i f o r m  f i l t e r  m e d i u m  a n d  is t h e r e f o r e  
o n l y  s t r i c t l y  a p p l i c a b l e  to t h e  f i r s t  c y c l e  of t h e  l i f e  o f  a 
f a b r i c  f i l t e r .  T h e y  do  n o t  t a k e  a c c o u n t  of p a r t i a l  c a k e  
c l e a n i n g  or t h e  c l e a n i n g  of i n d i v i d u a l  f i l t e r  s u r f a c e s  (o r  
b a g s )  in an a r r a y  of f i l t e r  s u r f a c e s .  T h e  p a r a l l e l  r e s i s t a n c e  
t h e o r i e s  d e s c r i b e d  in s e c t i o n  3 . 4 ,  t o g e t h e r  w i t h  a v i b r a t i o n a l  
a n a l y s i s  of t h e  c a k e  c l e a n i n g  m e c h a n i s m  a n d  r e s u l t a n t  c a k e  
c l e a n i n g  s t r e s s e s  ( s e c t i o n s  3. 1 a n d  3 . 2 ) ,  a l l o w s  a d e t a i l e d  
a n a l y s i s  of t h e  o v e r a l l  f i l t e r  o p e r a t i o n  a n d  t h e  p r e d i c t i o n  of 
f i l t e r  p r e s s u r e  d r o p / t i m e  p r o f i l e s  o v e r  e x t e n d e d  p e r i o d s  of 
o p e r a t i o n .  T h e  s i m u l a t i o n  of f i l t e r  o p e r a t i o n  is b a s e d  o n  a 
t h e o r e t i c a l  a n a l y s i s  of t h e  v i b r a t i o n a l  c h a r a c t e r i s t i c s  of  t h e  
f i l t e r  s u r f a c e  a n d  t h e  a d d i t i v i t y  of e l e m e n t a l  f i l t e r  c a k e  
a n d  c l o t h  r e s i s t a n c e s ,  t o g e t h e r  w i t h  s i m p l e  p r a c t i c a l  d a t a  of 
c a k e  a n d  c l o t h  r e s i s t a n c e s  a n d  c a k e  a d h e s i o n  f o r c e s .  T h e
c o m p u t e r  p r o g r a m  s h o w n  in A p p e n d i x  1 a s s u m e s  c o n s t a n t  r a t e
f i l t r a t i o n  c o n d i t i o n s  t h o u g h  a f a n  c u r v e  c o u l d  e a s i l y  be  
i n c o r p o r a t e d  w i t h i n  t h e  p r o g r a m .  T h e  p r o g r a m  is d e s i g n e d  t o  
s i m u l a t e  a f l a t  i n c l i n e d  v i b r a t i o n  c l e a n e d  f i l t e r  u n i t
a l t h o u g h  a b a g  f i l t e r  c l e a n e d  by v i b r a t i o n  or  p u l s e - j e t  s y s t e m  
c o u l d  a l s o  be m o d e l l e d ,  p r o v i d e d  t h a t  t h e  c a k e  c l e a n i n g  f o r c e s  
c a n  be p r e d i c t e d  o v e r  t h e  f i l t r a t i o n  s u r f a c e .
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In t h e  c a s e  s i m u l a t e d  in t h e  c o m p u t e r  p r o g r a m  (Appe n d i x
1 ) ,  a f i l t e r  c o m p a r t m e n t  of 20 s u r f a c e s  p e r  c o m p a r t m e n t  is 
c l e a n e d ,  c o m p a r t m e n t  by  c o m p a r t m e n t ,  f r o m  s t a r t  u p ,  a l l o w i n g  
1 . 5  m i n u t e s  f o r  e a c h  c l e a n i n g  c y c l e .  A 20  c o m p a r t m e n t  f i l t e r  
i s s t ud  i ed .
W h e n  a c o m p a r t m e n t  is to be c l e a n e d  it is i s o l a t e d  f r o m  
t h e  a i r  f l o w  a n d  e a c h  f i l t e r  s u r f a c e  is a s s u m e d  t o  a c t
i d e n t i c a l l y .  A v i b r a t i o n  is a p p l i e d  a n d  d i s p l a c e m e n t ,
\
a c c e l e r a t i o n  a n d  f o r c e  a r e  c a l c u l a t e d  f o r  e a c h  s u r f a c e  e l e m e n  
a s s u m i n g  a d i s p l a c e m e n t  p r o f i l e  is i n d u c e d  of t h e  f o r m  
p r e d i c t e d  by  e q u a t i o n  3 . 3 2  in s e c t i o n  3 . 2 . 3 .  T h e  f r e q u e n c y  is 
a s s u m e d  to be t h e  r e s o n a n c e  f r e q u e n c y  p r e d i c t e d  by  e q u a t i o n  
3 . 3 4  a l s o  g i v e n  in s e c t i o n  3 . 2 . 3 .  E l e m e n t s  w h i c h  a r e  f o u n d  to  
e x p e r i e n c e  a f o r c e  g r e a t e r  t h a n  t h a t  r e q u i r e d  f o r  c l e a n i n g ,  as 
d e t e r m i n e d  by e x p e r i m e n t ,  a r e  c l e a n e d  to  a f i x e d  p e r c e n t a g e  of 
t h e  e l e m e n t  c a k e  m a s s .  T h e  c l e a n e d  c o m p a r t m e n t  is b r o u g h t  
o n - s t r e a m  at t h e  s a m e  t i m e  as t h e  n e x t  o n e  is t a k e n  o f f - s t r e a m  
f o r  c l e a n i n g ,  a n d  o n e  c o m p a r t m e n t  is a l w a y s  o f f - s t r e a m .  
F i g u r e  7 . 4 1  s h o w s  t h e . p r e s  s u r e  d r o p / t i m e  s i m u l a t i o n  o v e r  a 
p e r i o d  in e x c e s s  of 16 h o u r s .  T h e  i n i t i a l  l i n e a r  r i s e  o f  t h e  
s i m u l a t i o n  i n d i c a t e s  a p p r o x i m a t e l y  t h e  s a m e  s l o p e  of  t h a t  
o b t a i n e d  e x p e r i m e n t a l l y  o n  a n e w  c l o t h .  T h e  p o i n t  at w h i c h  
c l e a n i n g  b e c o m e s  s i g n i f i c a n t  is i n d i c a t e d  by a d r o p  in t h e  
p r e s s u r e  d r o p  p r o f i l e  a n d  s h o w s  t h a t  a l t h o u g h  c l e a n i n g  is 
c o n t i n u o u s  f r o m  s t a r t - u p ,  t h e r e  is no  c l e a n i n g  u n t i l  t h e  c a k e  
is of s u f f i c i e n t  m a s s  to i n d u c e  t h e  c l e a n i n g  f o r c e  r e q u i r e d  
f o r  c a k e  r e m o v a l .  F i g u r e s  7 . 4 2  a n d  7 . 4 3  s h o w  a n  e n l a r g e d  
s e c t i o n  of t h e  p r e s s u r e  d r o p  p r o f i l e  a n d  s h o w s  t h a t  t h e  e f f e c t  
of p a r t i a l  c a k e  r e m o v a l  r e s u l t s  in a n o n - l i n e a r  f i l t r a t i o n
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c u r v e .  T h e  n o n - l i n e a r i t y  of i n i t i a l  c a k e  f o r m a t i o n  w o u l d  a l s o  
b e c o m e  e v i d e n t  if l o c a l i s e d  p e r m e a b i l i t y  d a t a  w e r e  a v a i l a b l e  
f o r  the- c l e a n  u n u s e d  f i l t e r  m e d i u m .  T h e  v a r i a t i o n  in s p e c i f i c  
c a k e  r e s i s t a n c e  w i t h  s u p e r f i c i a l  f i l t r a t i o n  v e l o c i t y  m a y  a l s o  
be  i n c o r p o r a t e d  in t h e  p r o g r a m  a n d  i n d e e d  t h e  d e g r e e  of 
s o p h i s t i c a t i o n  of t h e  s i m u l a t i o n  p r o c e d u r e  is l i m i t e d  o n l y  by 
t h e  a v a i l a b i l i t y  of r e l e v a n t  t h e o r i e s  a n d  t h e  c o m p u t e r  t i m e  
a v a i l a b l e .  T h e  p r o g r a m  m a y  a l s o  be u s e d  to p r e d i c t  t h e  e n e r g y  
o f  f i l t r a t i o n  d u e  to f i l t e r  r e s i s t a n c e  a n d ,  t o g e t h e r  w i t h  
f i l t e r  c l e a n i n g  p o w e r  r e q u i r e m e n t s ,  m a y  be u s e d  t o  p r o v i d e  a 
b a s i s  f o r  t h e  o p t i m i s a t i o n  of f i l t e r  o p e r a t i n g  a n d  c o n t r o l  
c o n d i t i o n s .
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Figure 7.41 Computor simulation of the filtration process
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Figure 7*42 Cosiputor simulation of the filtration process. 
A single cycle*
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Figure 7.43 Computor simulation of the filtration process* 
Initial respose.
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8 Summar y  and C o n c l u s i o n s .
2 3 4
8.1 F i t t e r  M o d e l .
T h e  v a r i e t y  of s h a p e ,  s i z e ,  d e s i g n  a n d  p o s s i b l e  o p e r a t i n g  
c o n d i t i o n s  of f a b r i c  f i l t e r s  m a k e s  t h e  c a l c u l a t i o n  of 
o p e r a t i n g  p r e s s u r e  d r o p  or t o t a l  f i l t e r  f l o w - r a t e  e x t r e m e l y  
d i f f i c u l t .  C l a s s i c a l  f i l t r a t i o n  t h e o r y  p r e d i c t s ,  o n l y  t h e  
p r e s s u r e  d r o p  or f i l t e r  f l o w - r a t e  d u r i n g  t h e  f i r s t  f i l t r a t i o n  
c y c l e ,  b e f o r e  f i l t e r  c l e a n i n g  o c c u r s .  T h e  p r e d i c t i o n  or 
m o d e l l i n g  of f i l t e r  o p e r a t i o n  t h e r e f o r e  r e v o l v e s  a r o u n d  t h e  
p r e d i c t i o n  of c a k e  r e m o v a l  p r o p e r t i e s  a n d  t h e  e f f e c t  of  t h i s  
o n  t h e  o v e r a l l  f i l t r a t i o n  p r o c e s s .  It is p o s s i b l e  t o  c o n d u c t  
e x p e r i m e n t s  on a t e s t  f a c i l i t y  w h i c h  w i l l  s u p p l y  d a t a  t o  a l l o w  
t h e  e m p i r i c a l  c a l c u l a t i o n  of f i l t e r  c a k e  r e m o v a l  b a s e d  on  s o m e  
c h a r a c t e r i s t i c  of t h e  c l e a n i n g  p r o c e s s ,  s u c h  as p u l s e  p r e s s u r e  
o r  v i b r a t i o n  a m p l i t u d e  or a c c e l e r a t i o n .  T h e  a p p l i c a t i o n  of 
s u c h  d a t a  to o t h e r  f i l t e r  g e o m e t r i e s ,  d e s i g n s ,  m a t e r i a l s  of 
c o n s t r u c t i o n  or o p e r a t i n g  c o n d i t i o n s  is n o t  t o  be  r e c o m m e n d e d .  
A c o m p r e h e n s i v e ,  w i d e l y  a p p l i c a b l e  p r o c e d u r e  is r e q u i r e d ,  
t h e r e f o r e ,  w h i c h  i n v o l v e s  a m i n i m u m  a m o u n t  of  e x p e r i m e n t a l  
d a t a  a n d  y e t  w h i c h  a c c u r a t e l y  p r e d i c t s  t h e  i n i t i a l  a n d  s t e a d y  
s t a t e  f i l t e r  o p e r a t i n g  c o n d i t i o n s .  T h e  a u t h o r  b e l i e v e s  t h a t  
t h e  e x p e r i m e n t a l  p r o c e d u r e s ,  m e a s u r e d  p a r a m e t e r s ,  a p p l i c a b l e  
t h e o r i e s  a n d  t h e  f i n a l  c o m p u t e r  m o d e l  w h i c h  a r e  d e s c r i b e d  in 
t h i s  t h e s i s  g o e s  a l o n g  w a y  t o w a r d s  a c h i e v i n g  t h i s  a i m .  T h e  
p r o c e d u r e  h a s  o n l y  b e e n  a p p l i e d  to t h e  v i b r a t o r y  c l e a n i n g  of  
f l a t ,  i n c l i n e d  f a b r i c  f i l t e r s  b u t  t h e  m e t h o d  r e m a i n s  
a p p l i c a b l e  to a n y  g e o m e t r y  or t y p e  of f i l t e r ,  p r o v i d e d  t h e  
c a k e  r e m o v a l  f o r c e  m a y  be d e t e r m i n e d  at e a c h  p o i n t  o n  t h e
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f a b r i c  s u r f a c e .  F o r  b o t h  p u l s e - j e t  a n d  v i b r a t o r y  c l e a n e d  b a g  
a n d  f l a t  f i l t e r s  t h i s  i n v o l v e s  t h e  d e t e r m i n a t i o n  of s t e a d y  a n d  
u n s t e a d . y  s t a t e  v i b r a t i o n  c h a r a c t e r i s t i c s .  A s i m i l a r  
d i s c u s s i o n  c o u l d  a l s o  be a p p l i e d  to t h e  c a k e  r e m o v a l  f o r c e s  
i n v o l v e d  in r e v e r s e - f l o w  c l e a n i n g  s y s t e m s ,  b u t  t h i s  m e t h o d  of 
f i l t e r  c l e a n i n g  w i l l  n o t  be d i s c u s s e d  f u r t h e r  h e r e .  T h e  
p r e d i c t i o n  of t h e  v i b r a t i o n  r e s p o n s e  a c c e l e r a t i o n  at a n u m b e r  
of p o i n t s  o v e r  t h e  f i l t e r  s u r f a c e  is v a s t l y  s i m p l i f i e d  by 
a s s u m i n g  r e s o n a n t  c o n d i t i o n s  in w h i c h  t h e  p e a k  a c c e l e r a t i o n  is 
k n o w n ,  as d e s c r i b e d  in t h e  c o m p u t e r  s i m u l a t i o n  p r o g r a m .  T h i s  
is n o t  n o r m a l l y  t h e  c a s e  in p r a c t i c e  as t h e  d r i v e r  
a c c e l e r a t i o n  is u s u a l l y  k n o w n  a n d  t h e  v i b r a t i o n  c o n d i t i o n s  a r e  
n o t  l i k e l y  to be r e s o n a n t .  In t h e  c a s e  of f l a t ,  i n c l i n e d  
f i l t e r s  a v i b r a t i o n  m o d e l  w h i c h  a s s u m e s  t h e  f i l t e r  p a n e l  to 
b e h a v e  as a v i b r a t i n g  c a n t i l e v e r  m a y  be a s i m p l e  s o l u t i o n  to 
t h i s  l i m i t a t i o n .  T h i s  i n v o l v e s  t h e  a s s u m p t i o n  t h a t  v i b r a t i o n s  
a r e  a p p l i e d  at t h e  ' f r e e 1 e n d  of t h e  c a n t i l e v e r ,  a n d  t h a t  t h e  
f i l t e r  m e d i u m  i t s e l f  d o e s  n o t  f l e x  s i g n i f i c a n t l y .  In t h e  c a s e  
of v i b r a t i o n  c l e a n e d  t u b u l a r  b a g  f i l t e r s  or p u l s e - j e t  c l e a n e d  
b a g  or f l a t  p l a t e  f i l t e r s  t h e  f l e x u r e  a n d  v i b r a t i o n  r e s o n a n c e  
c o n d i t i o n  m u s t  be t a k e n  i n t o  a c c o u n t .  In s u c h  c a s e s  a 
t h e o r e t i c a l  a n d  p r a c t i c a l  s t u d y  of w a v e  t r a n s m i s s i o n ,  f i l t e r  
m e d i a  f l e x u r e  a n d  t h e  i n d u c t i o n  of c a k e  c l e a n i n g  s t r e s s e s  is 
e s s e n t i a l  a n d  is r e c o m m e n d e d  by t h e  a u t h o r  f o r  e x t e n s i v e  
f u r t h e r  s t u d y .  W h e r e  v i b r a t i o n a l  f o r c e s  in t h e  f i l t e r  m e d i u m  
c a n n o t  be p r e d i c t e d  t h e o r e t i c a l l y  it is p o s s i b l e  t o  o v e r c o m e  
t h i s  p r o b l e m  by  r e s o r t i n g  to t h e  m e a s u r e m e n t  of  f i l t e r  
d i s p l a c e m e n t  or a c c e l e r a t i o n  by lo w m a s s  o r  n o n - i n t r u s i v e  
p r o b e s  s u c h  as l i g h t - w e i g h t  a c c e l e r o m e t e r s  o r  d i s p l a c e m e n t  
d e v i c e s  b a s e d  on t h e  m e a s u r e m e n t  of c a p a c i t a n c e .  S u c h  s t u d i e s
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w e r e . u n f o r t u n a t e l y  b e y o n d  t h e  r e s o u r c e s  of t h e  c u r r e n t  w o r k .
Th.e c o n t i n u o u s  o p e r a t i o n  a n d  s e g m e n t e d  c l e a n i n g  r e g i m e s  
u s e d  in t y p i c a l  f a b r i c  f i l t e r  u n i t s ,  c o m p l i c a t e s  t h e  p r o b l e m  
f u r t h e r .  T h e  c o n t i n u o u s  o p e r a t i o n  of a f a b r i c  f i l t e r  c a n  be 
a c h i e v e d  by u s i n g  a p u l s e - j e t  c l e a n i n g  s y s t e m  in w h i c h  e a c h  
b a g  is c l e a n e d  in t u r n ,  w h i l s t  it is s t i l l  o n - s t r e a m .  
V i b r a t i o n  c l e a n e d  f i l t e r s ,  h o w e v e r ,  m u s t  be  i s o l a t e d  f r o m  t h e  
f i l t r a t i o n  a i r  f l o w  b e f o r e  c l e a n i n g .  T h e  f i l t e r  u n i t  is 
t h e r e f o r e  o v e r s i z e d  to a l l o w  o n e  c o m p a r t m e n t  t o  be  o f f  s t e a m  
at a n y  o n e  t i m e ,  f o r  c l e a n i n g .  T h i s  is o n l y  u s e d  o n  l a r g e  
u n i t s  w h e r e  t h e  p r o v i s i o n  of o n e  e x t r a  c o m p a r t m e n t  is 
i n s i g n i f i c a n t .  S m a l l  u n i t s  a r e  n o r m a l l y  d e s i g n e d  f o r  
i n t e r m i t t e n t  c l e a n i n g ,  a n d  a r e  t h e r e f o r e  c o m p l e t e l y  c l o s e d  
d o w n  d u r i n g  t h e  c l e a n i n g  c y c l e .  On  l a r g e  v i b r a t i o n  c l e a n e d  
f i l t e r  u n i t s  t h e r e f o r e ,  a c o m p a r t m e n t  is t a k e n  o f f - s t r e a m  w h e n  
c l e a n i n g  is r e q u i r e d ,  u s u a l l y  t h i s  i n v o l v e s  c l e a n i n g  e a c h  
c o m p a r t m e n t  in t u r n .  T h e  f i l t e r  c o m p a r t m e n t  w h i c h  is t a k e n  
o f f  s t r e a m  is t h e r e f o r e  t h e  o n e  w h i c h ,  at t h a t  t i m e ,  h a s  b e e n  
o n - s t r e a m  f o r  t h e  l a r g e s t  p e r i o d ,  a n d  is t h e r e f o r e  l i k e l y  t o  
b e  t h e  m o s t  o b s t r u c t e d .
C l e a n e d  c o m p a r t m e n t s  m a y  be b r o u g h t  o n - s t r e a m  i m m e d i a t e l y  
a f t e r  c l e a n i n g ,  b u t  b e f o r e  t h e  n e x t  o n e  is t a k e n  o f f - s t r e a m  
f o r  c l e a n i n g ,  or o n e  f i l t e r  m a y  be o f f - s t r e a m  at a l l  t i m e s .  
T h e s e  t w o  f i l t e r  c l e a n i n g  r e g i m e s  h a v e  d i f f e r e n t  o p e r a t i n g
c h a r a c t e r i s t i c s  a n d  s h o u l d  n o t  be c o n f u s e d .  W h e n  a c l e a n e d  
f i l t e r  is b r o u g h t  o n - s t r e a m  at t h e  s a m e  t i m e  as a b l o c k e d
f i l t e r  is t a k e n  o f f - s t r e a m  C 9 H , t h e n  t h e  o v e r a l l  f i l t e r
p r e s s u r e  d r o p  w i l l  f a l l .  W h e n  a b l o c k e d  f i l t e r  is t a k e n
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o f f - s t r e a m  f o r  c l e a n i n g ,  t h e  f i l t r a t i o n  a r e a  is b e i n g  r e d u c e d  
a n d  p r e s s u r e  d r o p  w i l l  be i n c r e a s e d .  F o r  m a n y  f i l t r a t i o n  
d u t i e s  .it is e s s e n t i a l  t h a t  f i l t e r  p r e s s u r e  d r o p  a n d  f l o w - r a t e  
r e m a i n  as c o n s t a n t  as p o s s i b l e ,  w h i l s t  o t h e r s  s i m p l y  r e q u i r e  
as I o w a n  o p e r a t i n g  p r e s s u r e  d r o p  as p o s s i b l e .  T h e  c h o i c e  
b e t w e e n  t h e  t w o  p o s s i b l e  o p e r a t i n g  r e g i m e s  is n o t  c l e a r  f o r  
a n y  p a r t i c u l a r  o p e r a t i n g  o b j e c t i v e ,  a n d  t h e  a u t h o r  b e l i e v e s  
t h a t  t h e  c h o i c e  d e p e n d s  l a r g e l y  on t h e  d e g r e e  o f  f i l t e r  
c l e a n i n g  a c h i e v e d .  B o t h  of t h e s e  o p e r a t i n g  r e g i m e s  c a n  e a s i l y  
be m o d e l l e d  u s i n g  t h e  p r e d i c t i o n  a n d  m o d e l l i n g  t e c h n i q u e s  
d e s c r i b e d  in t h i s  t h e s i s .
A f u r t h e r  a n d  e x t r e m e l y  i m p o r t a n t  a s p e c t  of  f i l t e r  
o p e r a t i o n  is t h e  p r e d i c t i o n  of f i l t r a t i o n  e f f i c i e n c y  a n d  t h e  
e f f e c t  of f i l t e r  m e d i u m  d a m a g e  a n d  w e a r  w h i c h  is c l o s e l y
l i n k e d  w i t h  f i l t r a t i o n  e f f i c i e n c y .  T h i s  f a c t o r  is n o t  d e a l t
w i t h  or s t u d i e d  in t h i s  r e s e a r c h  a n d  s h o u l d  f o r m  a m a j o r  p a r t  
of f u r t h e r  w o r k .  T h e  u s e  of f l a t  i n c l i n e d  v i b r a t i o n  c l e a n e d  
f a b r i c  f i l t e r s ,  w h i c h  a r e  v i b r a t e d  in s u c h  a w a y  as to
m i n i m i s e  f i l t e r  m e d i u m  f l e x u r e ,  is e x p e c t e d ,  h o w e v e r ,  t o  
r e n d e r  t h e  p r o b l e m  of m i n o r  i m p o r t a n c e ,  p r o v i d e d  h i g h  
e f f i c i e n c y  f i l t e r  m e d i a  a r e  e m p l o y e d .  B y  m i n i m i s i n g  t h e  
d a m a g e  of f i l t e r  e l e m e n t s  d u e  to c l e a n i n g  a n d  y e t  m a x i m i s i n g  
f i l t e r  c l e a n i n g ,  t h e  u s e  of h i g h  e f f i c i e n c y ,  b u t  a l s o  h i g h  
p r e s s u r e  d r o p ,  f i l t e r  m a t e r i a l s  b e c o m e s  e c o n o m i c a l l y  
a t t r a c t i v e .  T h e  u s e  of s l i c k ,  s m o o t h  s u r f a c e  ( a n d  t h e r e f o r e  
e a s i l y  c l e a n e d ) ,  b u t  h i g h  c o s t  f i l t e r  m a t e r i a l s  is h e n c e  an  
o b v i o u s  c h o i c e  f o r  u s e  in t h i s  t y p e  of f i l t e r .  T h e  u s e  of 
h i g h  t e m p e r a t u r e  b u t  o f t e n  f r a g i l e  f i l t e r  m e d i a  a l s o  h a s  an  
o b v i o u s  a p p l i c a t i o n ,  e s p e c i a l l y  if u p f a c i n g  f i l t e r  e l e m e n t s
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i n c r e a s e  f i l t r a t i o n  e f f i c i e n c y  by 
f i l t e r  d u e  to t h e  s l i d i n g  a c t i o n  of
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Th.e a i m s  of t h e  r e s e a r c h  w e r e  p r i m a r i l y  c o n c e r n e d  w i t h  
t h e  i n i t i a l  t e s t i n g  a n d  s u b s e q u e n t  o p t i m i s a t i o n  of f l a t ,  
i n c l i n e d ,  v i b r a t o r y  c l e a n e d  f a b r i c  f i l t e r s .  At t h e  o u t s e t  of 
i n i t i a l  t e s t s  t h e  f i r s t  o b j e c t i v e  w a s  to i n v e s t i g a t e  t h e  
f e a s i b i l i t y  of s u c h  f i l t e r s  in t e r m s  of c o m m e r c i a l  d e v e l o p m e n t  
a n d  to s h o w  t h a t  f l a t  f i l t e r s  c o u l d  be e f f e c t i v e l y  r e g e n e r a t e d  
b y  v i b r a t o r y  c l e a n i n g .  T h e  s e c o n d  o b j e c t i v e  w a s  to  d e t e r m i n e  
t h e  e f f e c t  on  c a k e  f i l t r a t i o n  a n d  c l e a n i n g  p a r a m e t e r s  of 
i n c l i n e d  f i l t r a t i o n  a n d  c l e a n i n g .  A t h i r d  o b j e c t i v e  w a s  to 
o p t i m i s e  t h e  c a k e  c l e a n i n g  p a r a m e t e r s  s u c h  as v i b r a t i o n  
f r e q u e n c y  or a m p l i t u d e  w i t h  t h e  a i m  of m a x i m i s i n g  c a k e  
r e m o v a l .  T o g e t h e r  w i t h  t h i s ,  a n d  an e s s e n t i a l  p a r t  of it , w a s  
t h e  i n v e s t i g a t i o n  of c a k e  r e m o v a l  m e c h a n i s m s  so t h a t  a g r e a t e r  
u n d e r s t a n d i n g  of s u c h  a p r o c e s s  m a y  l e a d  to  a m o r e  l o g i c a l  
s e l e c t i o n  of v i b r a t i o n  c l e a n i n g  p a r a m e t e r s .
T h e  f i r s t  o b j e c t i v e  w a s  t h e  m o s t  s i m p l e  to  c o m p l e t e  as it 
r e q u i r e d  e s s e n t i a l l y  a c l e a r  y e s  or  no a n s w e r .  Y e t  e v e n  so 
t h e  p r o b l e m s  of a c h i e v i n g  a s t e a d y  s t r e a m  of d u s t  l a d e n  a i r  
f o r  f i l t e r  t e s t i n g  p u r p o s e s  w e r e  by no m e a n s  i n s i g n i f i c a n t .  
C o u p l e d  w i t h  t h i s  w e r e  t h e  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  d e s i g n  
of a t e s t  f a c i l i t y  w h i c h  w o u l d  a l l o w  t h e  a p p l i c a t i o n  of 
p a r a l l e l  a n d  p e r p e n d i c u l a r  v i b r a t i o n s  to an i n c l i n e d  f i l t e r ,  
a n d  d i d  n o t  a l l o w  t h e  e s c a p e  of d u s t y  a i r  i n t o  t h e  l a b o r a t o r y  
or i n t o  t h e  f i l t e r e d  a i r  s t r e a m .  T h e  i n i t i a l  t e s t  e q u i p m e n t  
t h e r e f o r e  o n l y  a l l o w e d  t h e  p a r a l l e l  or p e r p e n d i c u l a r  
a p p l i c a t i o n  of v i b r a t i o n s  to a v e r t i c a l l y  o r i e n t a t e d  f i l t e r .  
T h i s  f a c i l i t y  s h o w e d  t h a t  e f f e c t i v e  f i t t e r  c l e a n i n g  c o u l d  be
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a c h i e v e d  u n d e r  s u c h  c i r c u m s t a n c e s .  T h e  s e c o n d  p h a s e  t e s t s  
u s i n g  t h e  s t a g e  II e q u i p m e n t  c o n f i r m e d  t h i s  c o n c l u s i o n  a n d  
w e n t  o a  to s h o w  t h a t  e f f e c t i v e  c a k e  r e m o v a l  c o u l d  a l s o  be 
a c h i e v e d  w h e n  t h e  f i l t e r  w a s  o p e r a t e d  in an i n c l i n e d  m o d e .
T h e  e f f e c t  of v i b r a t i o n  f r e q u e n c y  w a s  i n v e s t i g a t e d  u s i n g  
b o t h  t h e  s t a g e  I a n d  t h e  s t a g e  II e q u i p m e n t .  T h e  i n i t i a l  
t e s t s  u s i n g  t h e  s t a g e  I e q u i p m e n t  s h o w e d  t h a t  a v e r t i c a l l y  
o r i e n t a t e d  f i l t e r  w h i c h  w a s  v i b r a t e d  v e r t i c a l l y  c o u l d  be 
c l e a n e d  w i t h  an e f f i c i e n c y  of up to a p p r o x i m a t e l y  8 2 %  b y  t h e  
a p p l i c a t i o n  of a v i b r a t i o n  f r e q u e n c y  of a p p r o x i m a t e l y  7 0 0 H z .  
F o r  h o r i z o n t a l  v i b r a t i o n  t h e s e  f i g u r e s  w e r e  m o d i f i e d  to  8 4 %  
a n d  2 0 0 H z  r e s p e c t i v e l y .  T h e  r e s u l t s  o b t a i n e d  on t h e  s t a g e  II 
e q u i p m e n t  f o r  a v e r t i c a l l y  o r i e n t a t e d ,  v e r t i c a l l y  v i b r a t e d  
f i l t e r  w a s  9 5 %  at 5 0 0 H z .  In t h i s  c a s e  a d e t a i l e d  s t u d y  of  t h e  
a c c e l e r a t i o n  p r o d u c e d  at e a c h  f r e q u e n c y  s h o w e d  t h a t  t h e  
m a x i m u m  c l e a n i n g  w a s  a c h i e v e d  at t h e  r e s o n a n t  f r e q u e n c y  of t h e  
f i l t e r  s u s p e n s i o n .  It b e c a m e  c l e a r  t h e r e f o r e  t h a t  n o  s p e c i f i c  
o p t i m u m  f r e q u e n c y  c o u l d  be d e t e r m i n e d ,  a n d  t h a t  e a c h  f i l t e r  or 
f i l t r a t i o n  e q u i p m e n t  d e s i g n  s h o u l d  b e  o p t i m i s e d  f o r  v i b r a t i o n  
f r e q u e n c y  by v i b r a t i o n  c l e a n i n g  at t h e  r e s o n a n t  c o n d i t i o n s  of 
e a c h  p a r t i c u l a r  c o n s t r u c t i o n .  T h e  e x p e r i m e n t a l  r e s u l t s ,  
f o l l o w e d  by a d e t a i l e d  t h e o r e t i c a l  s t u d y ,  s h o w e d  t h a t  t h e  
r e s o n a n c e  of i n t e r e s t  is t h a t  b e t w e e n  t h e  a c t u a t o r  m e c h a n i s m  
a n d  t h e  s u s p e n s i o n  s y s t e m  of t h e  f i l t e r  u n i t s  t h e m s e l v e s .  In 
t h e  c a s e  of v i b r a t i o n s  i n d u c e d  by  d i r e c t  c o n n e c t i o n  t o  t h e  
f i l t e r  m e m b r a n e ,  t h e n  t h e  r e s o n a n c e  of i n t e r e s t  is t h a t  
b e t w e e n  t h e  v i b r a t o r  a n d  t h e  m e m b r a n e  i t s e l f ,  p r o v i d e d  t h e  
e x t r e m i t i e s  of t h e  t e n s i o n e d  m e m b r a n e  m a y  b e  r e g a r d e d  as 
r i g i d l y  c l a m p e d .  T h e  s a m e  c o n s i d e r a t i o n s  a p p l y  t o  b a g  f i l t e r s
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a l t h o u g h  t h e  g e o m e t r y  is v a s t l y  d i f f e r e n t .  In t h i s  c a s e  t h e  
v i b r a t i n g  f i l t e r  s e c t i o n  m a y  be a p p r o x i m a t e d  by  a s i m p l e  
s t r i n g . .  In t h e  c a s e  of i n t e r e s t ,  h o w e v e r ,  i . e .  a f i l t e r  
e l e m e n t  s u s p e n d e d  on  a s i m p l e  r u b b e r  s p r i n g ,  t h e  v i b r a t i n g  
s y s t e m  is r e g a r d e d  as a d a m p e d  s p r i n g / m a s s  c o n f i g u r a t i o n .  
W h e n  s u c h  a s y s t e m  is v i b r a t e d ,  t h e  f r e q u e n c y  of v i b r a t i o n ,  
w h e t h e r  r e s o n a n t  o r  n o t ,  m a y  a l s o  e x c i t e  v i b r a t i o n s  of  t h e  
f i l t e r  m e m b r a n e ,  c a u s i n g  f i l t e r  m e d i u m  f l e x u r e .  It is
p o s s i b l e  t h a t  a r e s o n a n t  f r e q u e n c y  of t h e  m e m b r a n e  m a y  be  a 
s u b - m u l t i p l e  of t h e  r e s o n a n t  f r e q u e n c y  of t h e  f i l t e r
s u s p e n s i o n  s y s t e m ,  t h u s  c a u s i n g  a l a r g e  d i s p l a c e m e n t  or
a c c e l e r a t i o n  r e s p o n s e  of b o t h  t h e  f i l t e r  u n i t  a n d  t h e  f i l t e r  
m e m b r a n e .  W h e n  b o t h  of t h e s e  v i b r a t i o n  m o d e s  a r e  p o s s i b l e ,  
t h e r e f o r e ,  it is i m p o r t a n t  t h a t  t h e y  s h o u l d  b e  c o n s i d e r e d  
t o g e t h e r .
In b o t h  v i b r a t i o n  m o d e s  t h e  m a s s  of c a k e  s h o u l d  a l s o  b e  
t a k e n  i n t o  c o n s i d e r a t i o n .  N o t  o n l y  is it p o s s i b l e  t h a t  t h e  
r e s o n a n c e  f r e q u e n c i e s  w i l l  be c h a n g e d  by  t h e  p r e s e n c e  of
d e p o s i t e d  f i l t e r  c a k e ,  b u t  a l s o  t h e  t r a n s m i s s i o n  o f  v i b r a t i o n  
w a v e s  m a y  be a t t e n u a t e d  by it s p r e s e n c e .
T h e  e f f e c t  of d e p o s i t i n g  a n d  c l e a n i n g  a f i l t e r  c a k e  o n  an 
i n c l i n e d ,  f l a t  f i l t e r  u n i t  m a y  be c o n s i d e r e d  in t h r e e  p a r t s .
1. T h e  e f f e c t  on  c a k e  s t r u c t u r e  of d e p o s i t i o n  o n t o  a n  
i n c l i n e d  f i l t e r ,  b o t h  u p f a c i n g  a n d  d o w n f a c i n g .
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2 .  The  e f f e c t  on c a k e  a d h e s i o n  f o r c e s .
3.. T h e  c o m b i n e d  e f f e c t  of t h e  f i r s t  t w o  e f f e c t s  o n  t h e  
o v e r a l l  s t e a d y  s t a t e  p r e s s u r e  d r o p .
T h e  t e s t s  d e s c r i b e d  in t h i s  t h e s i s  s h o w  t h a t  t h e  s p e c i f i c  
c a k e  r e s i s t a n c e  is s l i g h t l y  d e p e n d e n t  u p o n  f i l t e r  i n c l i n a t i o n .  
T h e  s p e c i f i c  c a k e  r e s i s t a n c e  of a f i l t e r  c a k e  p r o d u c e d  o n  an 
u p f a c i n g  f i l t e r  is s o m e w h a t  h i g h e r  t h a n  t h a t  p r o d u c e d  o n  a 
v e r t i c a l  or d o w n f a c i n g  o n e ,  d e s p i t e ,  t h e  f a c t  t h a t  d o w n f a c i n g  
p r o d u c e d  c a k e s  h a v e  a s l i g h t l y  s m a l l e r  p a r t i c a l e  s i z e  
d i s t r i b u t i o n .
T h e  r e l a t i o n  b e t w e e n  t h e  r e m o v a l  of f i l t e r  c a k e  a n d  t h e  
a p p l i e d  c a k e  c l e a n i n g  f o r c e ,  d e t e r m i n e d  at v e r t i c a l ,  u p f a c i n g  
a n d  d o w n f a c i n g  i n c l i n a t i o n s ,  s h o w e d  t h a t  c a k e s  w h i c h  w e r e  
f o r m e d  on a v e r t i c a l l y  o r i e n t a t e d  f i l t e r  r e q u i r e d  a g r e a t e r  
c l e a n i n g  s t r e s s  t h a n  b o t h  u p f a c i n g  a n d  d o w n f a c i n g  p r o d u c e d  
c a k e s .  W h e n  t h e  c a k e s  so f o r m e d  w e r e  c l e a n e d  i n - s i t u  b y  an  
a p p l i e d  v i b r a t i o n ,  h o w e v e r ,  t h e n  u p f a c i n g  p r o d u c e d  f i l t e r  
c a k e s  r e q u i r e d  a g r e a t e r  c l e a n i n g  s t r e s s  t h a n  b o t h  v e r t i c a l l y  
a n d  d o w n f a c i n g  p r o d u c e d  c a k e s .  In t h i s  c a s e  t h e  e f f e c t  of 
c a k e  c l e a n i n g  t i m e  is a l s o  i m p o r t a n t  a n d  a s e r i e s  of t e s t s  at 
v a r i o u s  c a k e  c l e a n i n g  t i m e s  h a s  s h o w n  t h a t  w h e n  u p f a c i n g  
f i l t e r  c a k e s  a r e  c l e a n e d  t h e  r e s i d u a l  c a k e  m a s s  is s t r o n g l y  
d e p e n d e n t  u p o n  c l e a n i n g  t i m e  ( F i g u r e  7 . 2 7 ) .  It is c l e a r ,  
t h e r e f o r e ,  t h a t  a l t h o u g h  s m a l l  d i f f e r e n c e s  in s p e c i f i c  c a k e  
r e s i s t a n c e ,  p a r t i c l e  s i z e  a n d  c a k e  c l e a n i n g  s t r e s s  a r e  
a p p a r e n t  at d i f f e r e n t  f i l t e r  i n c l i n a t i o n s ,  t h e  m a j o r  
c o n t r i b u t i n g  f a c t o r  to c a k e  r e m o v a l  is c a k e  c l e a n i n g  t i m e .
C h a p t e r  8
2 4 3
e s p e c i a l l y  at u p f a c i n g  i n c l i n a t i o n s  a n d  w h e n  t h e  a p p l i e d  c a k e  
c l e a n i n g  f o r c e  is l a r g e .  T h e  c o m b i n e d  e f f e c t  of t h e s e  
p a r a m e t e r s  a r e  s h o w n  by t h e  r e l a t i o n s h i p  b e t w e e n  t h e  c l e a n e d  
f i l t e r  p r e s s u r e  d r o p  o v e r  e x t e n d e d  f i l t r a t i o n / c l e a n i n g  c y c l e s .  
( F i g u r e  7 . 2 0 ) .  T h e  s t e a d y  s t a t e  f i l t e r  p r e s s u r e  d r o p  is 
c o m p a r e d  at s e v e r a l  u p f a c i n g  a n d  d o w n f a c i n g  i n c l i n a t i o n s  in 
F i g u r e  7 . 1 9 .  In t h i s  c a s e  t h e  f i l t e r  c l e a n i n g  s t r e s s  is 
m o d e r a t e  ( 1 0 g )  a n d  t h e  c a k e  c l e a n i n g  t i m e  s o m e w h a t  e x t e n d e d  
( 3 0 s ) .  T h e  r e s u l t a n t  v a r i a t i o n  in s t e a d y  s t a t e  f i l t e r  
p r e s s u r e  d r o p  is t h e r e f o r e  s m a l l ,  b u t  s h o w s  a s l i g h t  i n c r e a s e  
f o r  u p f a c i n g  f i l t e r s .  It is clear,, t h e r e f o r e ,  t h a t  p r o v i d e d  
an i n c l i n e d  f i l t e r  is c l e a n e d  u s i n g  a s u f f i c i e n t l y  h i g h  c a k e  
c l e a n i n g  s t r e s s  to a l l o w  c a k e  d e t a c h m e n t  a n d  t r a n s p o r t ,  a n d  
s u f f i c i e n t  c l e a n i n g  t i m e  is a l l o w e d  f o r  c a k e  t r a n s p o r t ,  t h e n  
t h e r e  is l i t t l e  d i f f e r e n c e  in o p e r a t i o n  b e t w e e n  u p f a c i n g  a n d  
d o w n f a c i n g  f i l t e r s .
C h a p t e r  8
8 . 3  O p e r a t i o n  p a r a m e t e r s .
2 4 4
Th-e e f f e c t  of s u c h  f i l t e r  o p e r a t i o n  p a r a m e t e r s  as f i l t e r  
m e d i u m ,  f i l t r a t i o n  v e l o c i t y ,  d u s t  c o n c e n t r a t i o n ,  a n d  c a k e  m a s s  
on t h e  c a k e  r e m o v a l  p r o p e r t i e s  a n d  s p e c i f i c  c a k e  r e s i s t a n c e ,  
h a s  a l s o  b e e n  i n v e s t i g a t e d .
T h e  d i f f e r e n c e  b e t w e e n  t h e  f o r c e  r e q u i r e d  t o  r e m o v e  f l y  
a s h  f i l t e r  c a k e s  f r o m  d i f f e r e n t  f i l t e r  m a t e r i a l s  ( F i g u r e  7 . 2 9 )  
is n o t  d i s c e r n i b l e ,  p r o v i d e d  n o  s i g n i f i c a n t  p a r t i c l e  
p e n e t r a t i o n  i n t o  t h e  f i l t e r  m a t e r i a l  o c c u r s .  H i g h l y  p o r o u s  
m a t e r i a l s  s u c h  as f e l t  a n d  l i g h t  g r a d e  p a p e r  f i l t e r s  a r e  
c a p a b l e  of c o l l e c t i n g  a h i g h e r  m a s s  of c a k e  f o r  a g i v e n  f i l t e r  
p r e s s u r e  d r o p ,  b u t  r e t a i n  a l a r g e  m a s s  of d u s t  w h e n  v i b r a t i o n  
c l e a n e d .  T h e  e f f e c t  of f i l t r a t i o n  v e l o c i t y  o n  c a k e  a d h e s i o n  
f o r c e  is no t  c l e a r l y  s e e n  w h e n  t h e  r e s i d u a l  c a k e  m a s s  is 
c o m p a r e d  at d i f f e r e n t  d e p o s i t i o n  v e l o c i t i e s ,  d u e  to a l a r g e  
v a r i a t i o n  in i n i t i a l  c a k e  m a s s .  T h e  m a s s  p e r c e n t a g e  of d u s t  
r e m o v e d  ( F i g u r e  7 . 3 1 ) ,  h o w e v e r ,  s h o w s  t h a t ,  g e n e r a l l y ,  l i t t l e  
d i f f e r e n c e  in c a k e  a d h e s i o n  f o r c e  is a p p a r e n t  d u e  to  v a r i a t i o n  
in t h e  c a k e  d e p o s i t i o n  v e l o c i t y .  T h e  s p e c i f i c  c a k e  r e s i s t a n c e  
is s i g n i f i c a n t l y  i n c r e a s e d  by i n c r e a s e d  f i l t r a t i o n  v e l o c i t y
( F i g u r e  7 . 3 2 ) .
T h e  c a k e  a d h e s i o n  f o r c e  is n o t  s i g n i f i c a n t l y  e f f e c t e d  by  
d u s t  c o n c e n t r a t i o n .  ( F i g u r e  7 . 3 4 ) .  T h e  s p e c i f i c  c a k e
r e s i s t a n c e  is n o t  g r e a t l y  a f f e c t e d  by  d u s t  c o n c e n t r a t i o n ,
t h o u g h  an u n e x p l a i n e d  a n d  a n o m a l o u s  r e s u l t  is o b t a i n e d  at v e r y  
l o w  d u s t  c o n c e n t r a t i o n .  T h e  e f f e c t  of c a k e  m a s s  o n  t h e  c a k e  
a d h e s i o n  f o r c e  is s h o w n  by F i g u r e  7 . 3 6 .  T h i s  s h o w s  t h a t  t h e
C h a p t e r  8
.245
u l t i m a t e  p o s s i b l e  d e g r e e  of c l e a n i n g  at h i g h  c l e a n i n g  s t r e s s  
is a p p r o x i m a t e l y  c o n s t a n t  at a l l  d u s t  l o a d i n g s  b u t  t h a t  to 
a c h i e v e ,  an e q u i v a l e n t  c a k e  r e s i d u a l  l o a d  at h i g h  i n i t i a l  c a k e  
l o a d i n g  r e q u i r e s  a l a r g e r  c l e a n i n g  f o r c e  t h a n  at l o w  i n i t i a l  
c a k e  loading^. T h i s  r e s u l t  is v e r y  s i m i l a r  to  t h a t  o b t a i n e d  at 
v a r i o u s  s u p e r f i c i a l  f i l t r a t i o n  v e l o c i t i e s  a n d  s h o w s  t h a t  t h e  
e f f e c t  t h u s  s h o w n  is d e p e n d e n t  p r i m a r i l y  on v a r i a t i o n s  in c a k e  
l o a d .  T h i s  d e p e n d e n c e  of c a k e  c l e a n i n g  o n  c a k e  l o a d i n g  is 
p r o b a b l y  d u e  to i r r e g u l a r i t i e s  in m a s s  at d i f f e r e n t  p o i n t s  o n  
t h e  f i l t e r  a r e a .
C h a p t e r  3
Table 9.1.1 The effect of air flow . velocity on
the pressure drop due to a fixed cake 
(Figure 3.12 Section 3.3)
V
(cm/s)
AP
newcloth
(kPa)
AP
clean
(kPa)
AP . ,,
partially cleaned
(kPa)
1.02 0.03 0.32 -
1.52 0.05 0.46 -
2.03 0.06 0.60 0.75
2.54 0.09 0.73 0.87
3.05 0.10 0.87 0.97
3.56 0.12 - 1.31
4.06 0.14 - 1.60
4.57 - - 1.97
Table 9.1.2 Pressure drop/time profiles for various
new filter cloths
(Figure 3.13 Section 3.3)
Cloth 26 
Thin Paper
Cloth 24 
Cortex
Cloth 27 
Thick Paper
Cloth 24 
Cycle 5 Cortex
time t AP time t AP time t AP time t AP
(min) (kPa) (min) (kPa) (min) (kPa) (min) (kPa)
0 0.002 0 0.062 0 0.067 0 0.374
1 0.005 1 0.164 1 0.212 1 0.685
2 0.045 2 0.249 2 0.311 2 0.859
4 0.162 4 0.411 4 0.488 4 1.096
5 0.214 5 0.486 5 0.563 5 1.183
10 0.623 10 0.834 10 0.971 10 1.631
15 1.071 15 1.138 15 1.355 15 1.992
20 1.529 20 1.432 20 1.743 19.2 2.241
25 1.937 25 1.706 25 2.104
28.6 2.241 30 1.957 27.0 2.241
35 2.241
r = 276.2 r = 297.7 r = 301.3
Table 9.2.1 Circulating flow velocity
and chalk dust concentration
(Figure 6.1 Section 6.1.1)
Position velocity (ft/min) (m/s)
1 2966 15.1
2 3001 15.2
3 2797 14.2
C 2757 14.0
4 2840 14.4
5 2956 15.0
6 2828 14.4
Isokinetic sampling dust concentration
5.32
5.31
4.52
4.41
3
Mean = 4.89 ± 10% g/m
Table 9.2.2 Amplifier output voltage calibration
(no load)
(Figure 6.3 Section 6.1.2)
Amplifier
setting
Voltage 
peak - peak
0 0.5
1 1.0
2 2.0
3 3.0
4 4.0
5 13.8
6 26.0
7 40.0
8 52.0
9 52.0
Table 9.2.3 Duct velocity and dust
concentration profile 
(Figures 6.4 and 6.5 Section 6.2.1)
Dust controller settings
upper set point = 0 . 8  volts 
lower set point = 0.5 volts
Position Velocity (ft/min) Velocity (m/s)
Dust (g/m^) 
Concentration
1 1480 7.5 6.9
2 1640 8.3 4.5
3 1810 9.2 5.0
4 1880 9.6 4.5
5 1840 9.4 5.6
6 1700 8.6 6.8
7 1490 7.6 5.3
Mean = 5.51
Table 9.2.4 Wayne-Kerr displacement
meter calibration
(Figure 
Probe type F
6.6 Section 6.2.2)
Reading on Distance Oscilloscope
distance meter (mm) Voltage (v)
10 12.7 0.37
9 11.4 0.33
8 10.2 0.30
7 8.7 0.27
6 7.6 0.22
5 6.4 0.19
4 5.1 0.16
3 3.8 0.12
2 2.5 0.08
1 1.3 0.04
0 0 0
Probe type D
Reading on 
distance meter
Distance
(mm)
Oscilloscope 
Voltage (v)
10 1.27 0.37
9 1.14 0.34
8 1.02 0.31
7 1.87 0.27
6 0.76 0.23
5 0.64 0.19
4 0.51 0.16
3 0.38 0.12
2 0.25 0.08
1 0.13 0.04
0 0 0
Table 9.2.5 Filter rotameter calibration
(Section 6.2.3)
Tube type 35 E metric K-^  = 1.50 K 2 = 3.330
Float type duralumin mass = 27.71g
density = 2.80 g /cm3
Density of air
(2,800 kg/m )
= 1.2928 k g / m 3 at 0°C and 760 mmHg 
(1.2928 x 10" 3 g/cm ) (l01.3kpa)
= 1.1785 kg/m^ at 20°C and 777 mmHg 
(1.1785 x 10“ 3 g / c m 3) (I03.5kpa)
(9" WG)
= 1.205 k g / m 3 at 20°C and 760 mmHg 
(1.205 x 10“ 3 g /cm3) (101.3kpa)
Dynamic viscosity of air = 1.75 x 10 ^ P at 20°C
(1.75 x 10”5 Ns/m2)
Kinematic viscosity = 0.1790 stokes at 20°C 
(1.790 x 10-3 m 2/s)
Manufacturers calibration check
at 760 mmHg (l0l.3kpa) and 15°C 
Density of air = 1.225 x 10" 3 g /cm2 
(1.225 k g / m 3)
Kinematic viscosity of
air
0.1469 stokes
(1.469 x 10-5 m 2/s)
1 = logio 
= 1.16 7
F = 3.33 
T
1.5 x 0.1469
\
2.8 x 1.225 x 10 -3
27.53 (2.8 - 1.225 x 1CT3)
N
= 499.1 £/min
27.53 (2.8 - 1.225 x 10- 3) 1
2. 8 x 1 . 2 25 x 10"■3
x 10
Table 9.2.5 continued
f mm F (£/min) Free (ft3/min)
0.1 1 49.9 1.76
0.2 36 99.8 3.53
0.3 69 149.7 5.29
0.4 100 199.6 7.05
0.5 129 249.6 8.82
0.6 157 229.5 10.58
0.7 184 349.4 12.34
0.8 210 399.3 14.11
0.9 2 35 449.2 15.87
1.0 261 499.1 17.60
Recalibration
at 9in WG (103.5kpa) and 20°C 
I = logl0 1.5 x 0.1790
\l
2.8 x 1.1785 x 10 -3
27.53 (2.8 - 1.1785 x 10“ 3)
x 10
= 1.245
Fm = 3.33
N
27.53 (2.8 - 1.1785 x 10 3)
2.8 x 1.1785 x 10-3
508.9 £/min
Table 9.2.5 continued
f mm F (£/min) Free (ft'Vmin)
0.1 2 50.9 1.76
0.2 38 101.8 3.52
0.3 69 152.7 5.28
0.4 100 203.5 7.04
0.5 130 254.4 8.80
0.6 158 305.3 10.55
0.7 185 356.2 12.31
0.8 210 407.1 14.07
0.9 235 458.0 15.83
1.0 261 508.9 17.59
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Figure 9.1 Calibration curves for type 35 E Rotameter.
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Table 9.2.6 Standard acceleration equipment - calibration
(Figure 6.7 Section 6.2.5)
Set
dimensionless 
acceleration
(-)
Oscilloscope 
peak-peak 
voltage (v)
Measured
instantaneous
dimensionless
acceleration
(- ) g
Total
dimensionless
acceleration
(- + 1) 
g
1 0 0 1.00
2 1.3 0.76 1.76
3 3.9 2.29 3.29
4 4.1 2.40 3.40
5 7.0 4.10 5.10
6 8.0 4.71 5.71
7 11.0 6.47 7.47
8 12.0 7.06 8.06
9 13.0 7.65 8.65
10 15.0 8.82 9.82
11 - - -
12 - - -
13 - - -
14 - - —
Table 9.2.7 Pilot plant vibrator calibrations
(Figures 6.8, 6.9 and 6.10 Section 6.3)
No filter trays attached, inclination = +45° 
Weight attached to the vibrator = 0 kg
Air pressure 
(bar)
Frequency
(HZ)
Amplitude
(mm)
Acceleration
(g*)
0.5 30.2 - 1.19
1.0 30.2 - 2.62
2.0 33.9 - 5.50
3.0 36.1 - 7.92
4.0 39.8 - 8.93
5.0 43.3 - 10.60
6.0 48.7 - 11.70
6.7 51.0 - 12.30
No filter trays attached, inclination = 0°
Weight attached to the vibrator = 0 kg
Air pressure 
(bar)
Frequency
(Hz)
Amplitude
(mm)
Acceleration
(g*)
0.5 30.0 - 1.26
1.0 30.8 - 2.95
2.0 33.4 - 5.30
3.0 35.5 - 7.90
4.0 43.2 - 9.08
5.0 45.5 - 10.40
6 .0 46.5 - 11.60
6.7 50. 3 - 12.00
Table 9.2.7 continued
With filter trays attached, inclination = 0°
Weight attached to the vibrator = 0 kg
Air pressure 
(bar)
Frequency
(HZ''
Amplitude
(mm)
Acceleration
(g*)
0.5 29.2 - 0.20
1.0 31.3 - 1.37
2.0 - - 2.10
3.0 33.3 - 3.10
4.0 33.3 - 4.10
5.0 45.5 - 5.10
6.0 40.0 - 5.60
6.7 35.7 - 5.50
With filter trays attached, inclination = 0°
Weight attached to the vibrator = 0 kg
Air pressure 
(bar)
Frequency
(Hz)
Amplitude
(mm)
Acceleration
(g*)
0.5 28.6 0.475 0.54
1.0 28.6 0. 725 1. 24
2.0 31.3 0.763 2.36
3.0 33.3 1.750 2.90
4.0 38.5 1.038 4.10
5.0 40.0 0.625 5.10
6.0 43.5 0.625 5.30
6.7 45.5 0.625 5. 40
Table 9.2.7 continued
With filter trays attached, inclination = 0°
Weight attached to the vibrator = 2.96 kg
Air pressure 
(bar)
Frequency
(HZ)
Amplitude
(mm)
Acceleration
(g*)
0.5 20.0 0.750 0.58
1.0 22.2 1.375 1.04
2.0 25.6 1.225 2.75
3.0 28.6 1.750 4.75
4.0 30.3 2.000 5.00
5.0 33.3 2.000 5.20
6 .0 34.5 2.125 5.80
6.7 38.7 1.635 5.80
With filter trays attached, inclination = 0°
Weight attached to the vibrator = 6.25 kg
Air pressure 
(bar)
Frequency
(Hz)
Amplitude
(mm)
Acceleration
(g*)
0.5 20.0 0.500 0.40
1.0 20.0 1.625 0.96
2.0 22.2 2.000 3.10
3.0 25.0 2.175 3.80
4.0 27.0 2.500 7.20
5.0 28.6 2.750 7.60
6.0 32.3 2.750 7.60
6.7 33.3 2.620 7.70
Table 9.2.7 continued
With filter trays attached, inclination = 45°
Weight attached to the vibrator = 6.25 kg
Air pressure 
(bar)
Frequency
(HZ)
Amplitude
(mm)
Acceleration
(g*)
0.5 21.7 - 0.80
1.0 21.7 - 1.48
2.0 23. 8 - 2.98
3.0 25.6 - 4.48
4.0 27.0 - 7.25
5.0 28.6 - 8.05
6.0 30. 3 - 8.10
6.7 31.3 - -
With filter trays attached, inclination = 45°
Weight attached to the vibrator = 7.72 kg
Air pressure 
(bar)
Frequency
(Hz)
Amplitude
(mm)
Acceleration
(g*)
0.5 17.2 - 0.60
1.0 20.6 - 1.94
2.0 23.8 - 3.08
3.0 26.3 - 6.55
4.0 25.6 - 6.60
5.0 28.6 - 8.95
6.0 30.3 - 9.12
6.7 30.3 - 9.30
Table 9.2.7 continued
With filter trays attached, inclination = 45°
Weight attached to the vibrator = 4.2 kg
Air pressure 
(bar)
Frequency
(Hz)
Amplitude
(mm)
Acceleration
(g*)
0.5 20.8 - 0.76
1.0 23.3 - 1.22
2.0 23.3 - 3.00
3.0 26.3 - 4.95
4.0 30.3 - 6.52
5.0 31.3 - 6.62
6.0 33.3 - 6.5
6.7 - - 6.5
Table 9.3.1 Experimental conditions for the Stage I tests
(Section 6.1.4)
Filtration conditions 
Filter area 
Cloth type 
Dust type 
Filter flowrate 
Nominal dust concentration 
Filtration time
Cleaning conditions
Vibration mode - vertical (tests 2.6 - 2.19) and
horizontal (tests 3.1 - 3.16) 
vibration - whole filter
Inclination - 0° (vertical)
Vibration intensity - maximum (9 on amplifier scale)
Vibration frequency r a n g e  = 50 to 2000 Hz
= 1 ft2 (0.0929 rri2 )
- Zephron PE 410
- Precipitated chalk
= 5.5 free ft^/min (2.6 x 1 0 ~ 2 m^ 
= 11.4 g/m2 
= 30 minutes
Vibration time = 15 seconds
Table 9.3.2 Series 1, 2 and 3 test conditions 
The effect of frequency on cleaning efficiency 
(Stage II test rig)
(Section 6.2.6)
SERIES 1 TEST CONDITIONS 
Filtration conditions
Filter area 
Cloth type 
Dust type
Filter flowrate
Nominal dust concentration
Filtration time
1 ft^ (0.0929 m^)
Zephron PE 340
Fly ash (Sieved < lOOym and h ton 
blended)
I.3 free ft3/min (6.1 x 10-^ m 3/s)
II.4 g / m 3 
30 minutes
Cleaning conditions 
Vibration mode 
Inclination 
Vibration intensity 
Vibration frequency range 
Vibration time
SERIES 2 TEST CONDITIONS
- vertical vibration of whole filter
- 0° (vertical)
- maximum (9 on amplifier scale)
= 50 to 1500 Hz
= 30 seconds
All parameters are as Series 1 tests except Filter flowrate 
which is 1.8 ft3/min (8.4 x 10“^ m^/s)
SERIES 3 TEST CONDITIONS
All parameters are as Series 1 tests except Vibration time 
which is 60 seconds.
Table 9.3.3 Series 7 to 10 test conditions
(Stage II test rig)
(Section 6.2.7)
SERIES 7 TEST CONDITIONS 
Filtration conditions
Filter area 
Cloth type
Dust type
Filter flowrate 
Nominal dust concentration 
Filtration time 
Cloth support 
Cleaning between tests
Cleaning conditions 
Vibration mode
Inclination 
Vibration intensity 
Vibration frequency range 
Vibration time
SERIES 8 TEST CONDITIONS
As Series 7 tests except: vacuum cleaned between tests
only one support bar used
vibration cleaning frequency = 6 7 7  Hz
SERIES9&10TEST CONDITIONS
As Series 7 tests except: brush cleaning between tests
vibrations applied direct to steel 
mesh support grid 
vibration cleaning frequency = 42 Hz
- vertical vibration of the whole filter 
section
- varied
- maximum (9 on amplifier scale)
= fixed. 544 Hz
= 30 seconds
= 1 ft2 (0.0929 m 2)
- Goretex: 10 - 15ym PTFE M E M B R A N E , 
polyester felt fibre
- Fly ash/sieved < lOOym and h ton 
blended
= 4 . 0  free ft 2/min (1.89 x 10”^ m 2/s) 
= 10 g / m 2 
= 15 minutes
- 3 vertical bars plus wire mesh
- frequency scan
Tabic 9 .3.4 Scries 12 and 13 test conditions
(Single cycle tests)
(Section 6.2.8)
SERIES 12 TEST CONDITIONS 
Filtration conditions 
Filter area 
Cloth type
Dust type
Filter flowrate 
Nominal dust concentration 
Filtration period 
Cloth support
Cleaning between tests
= lftz
- Goretex; 10 - 15ym PTFE MEMBRANE, 
polyester felt fibre, aged for 
20 cycles
- Fly ash (sieved < lOOym and h ton 
blended)
= 4.0 free ft^/min (1.89 x 10~^ m 2/s)
= 5g/m2
- up to 9 in WG (2.24 kPa)
- ^in (0.32 cm) pitch stainless steel 
mesh; fixed at top and bottom only
- brushing
Cleaning conditions 
Vibration mode 
Inclination 
Vibration intensity
Vibration frequency 
Vibration time
- directly onto the cloth and m esh support 
.= 0°
- varied to give set values of cloth 
centre acceleration
= 100Hz
= 30 seconds
SERIES 13 TEST CONDITIONS
As series 12 tests except inclinations of +45° and -45° were used.
Series 13.5 tests were performed at 100Hz and 10 x g at an 
inclination of 0° whilst the cleaning time was varied from 1 to 15 
seconds.
Series 13.6 tests were the same as test 13.5 except at an 
inclination of +45°.
Table 9.3.5 Series 16, 17 and 18 test conditions
(Long term tests)
(Section 6.2.7)
SERIES 16 TEST CONDITIONS 
Filtration conditions
Filter area = 1 ft2 (0.0929m^)
Cloth type - Goretex: 10 - 15ym PTFE MEMBRANE,
polyester felt fibre
Dust type - Fly ash (sieved <100ym and h ton
blended)
i -4 3
Filter flowrate = 4 . 0  free ft^/min (1.89 x 10 m  /s)
Nominal dust concentration = 5g/m°
Filtration period - up to 9 in WG (2.24kPa)
Cloth support - h in (0.32cm) pitch stainless steel
mesh; fixed at top and bottom only
Filtration cycles were continued for approximately 20 hours and 
the clean pressure drop recorded for the first 60 cycles. The 
cloth was then removed with cake intact for further tests.
Cleaning conditions 
Vibration mode 
Inclination 
Vibration intensity 
Vibration frequency 
Vibration time
SERIES 17 TEST CONDITIONS
As series 16 except filter inclination which was -45°
- directly onto the cloth and mesh support 
= +45°
= 10 x g 
= 100 Hz 
= 30 seconds
SERIES 18 TEST CONDITIONS
As series 16 except filter inclination which was 0°.
Table 9.3.6 Series 19 to 27 test conditions
(Long t:crm tests)
(Section 6.2.7) 
Filtration conditions 
Filter area 
Cloth type
Test 19
Test 20 
Test 22
Test 23
Test 24
Test 25
Test 26 
Test 27
Dust type
Filter flowrate
Cloth support
Cleaning between tests 
Total operating time
Cleaning conditions 
Vibration mode
Inclination 
Vibration intensity 
Vibration frequency 
Vibration time
1 ft2 (0.0929 m 2)
15pm lightweifht non-woven polyester 
scrim Goretex type L10977
Epitropic Goretex (Carbon-fibre impregnated)
15pm PTFE Goretex polyester felt fibre 
not well tensioned
15pm PTFE Goretex polyester felt fibre 
no. mesh support
15pm PTFE Goretex polyester felt fibre 
well tensioned cloth
15pm PTFE Goretex polyester felt fibre 
well tensioned cloth - no mesh support
lightweight filter paper - type FF8/V1409
heavyweight filter paper - type FF00/V1409
Fly ash (sieved < 100pm and h ton blended)
4.0 free ft2/min (1.89 x 10  ^m'Vs)
with V  (0.32cm) pitch stainless steel 
mesh; fixed at the top and bottom only; 
except tests 2 3 and 25
no repeat tests
60 cycles
vibration applied directly to the cloth 
and mesh support
0°
varied to give 10 x g acceleration 
100 Hz 
30 seconds
Table 9.3.7 Series 19 to 27 test conditions
(Standard acceleration tests)
(Section 6.2.8)
Filtration conditions
Filter area
Cloth type
Test 19 
Test 20 
Test 21
Test 22 
Test 23 
Test 24 
Test.25
Test 26 
Test 27
Dust type
Filter flowrate 
Cloth support
1 ft2 (0.0929 m 2 )
- 15ym lightweight scrim Goretex
- Webron Felt - T10T/5630
- Epitropic Goretex (Carbon fibre 
impregnated)
- 15ym Goretex - not well tensioned
- 15ym Goretex - no mesh support
- 15ym Goretex - well tensioned cloth
- 15ym Goretex - well tensioned: no mesh
support
- lightweight filter paper
- heavyweight filter paper
- Fly ash (sieved < lOOym and h ton 
blended)
= 4 . 0  free f t 2/min (1.89 x 10-^ m 2/s)
- with V  (0.32cm) pitch stainless steel 
mesh; fixed at top and bottom only 
except tests 23 and 25
Cleaning between tests - blown clean using compressed air
Cleaning conditions
Vibration mode - none - filter frame removed and tested
using standard acceleration equipment
Inclination = 0°
Vibration intensity - none - filter frame removed and tested
using standard acceleration equipment
Vibration frequency - none
Vibration time - instantaneous
Table 9.3.7 continued
SERIES 24 TEST CONDITIONS
Series 24 tests were extended to investigate the effects of filter 
inclination, filtration velocity, dust concentration and cake
loading.
All parameters were maintained at those specified for Series 19 to 
tests, except the parameter under investigation. The parameter 
values tested are shown below.
Inclination = 0°, +45°, -45°
Filtration velocity = 2 , 4 , 6  and 8 ft/min
(1.0 x 10- 2 , 2.0 x 10" , 3.0 x 10“ ,
4.1 x 10-2 m/s)
3
Dust concentration = 5.0, 9.9, 21.4 and 46.8 g/m
Cake loading = up to 9, 7, 5 and 3 in WG
(2,2, 1.7, 1.2 and 0.7 kPa)
giving cake loads of
26.7, 18.5, 12.3 and 6.4g of dust respectively.
Table 9.3.8 Pilot plant test conditions
(Section 6.3)
Filtration conditions 
Filter area 
Cloth type
Dust type 
Filter flowrate 
Filtration velocity 
Cleaning between tests 
Cake loading
Cleaning conditions 
Inclination 
Vibration frequency 
Cleaning time 
Vibration intensity 
Vibrator supply pressure
2 2 
m (86 ft )
= Goretex: 10 - I5ym PTFE MEMBRANE, 
polyester felt fibre
- Fly ash from Long Annet power station 
= 345 ft2/min (585 m 2/h)
= 4 ft/min (0.0203 m/s)
- 1 min at 8g acceleration 
= 15 kg
= 45
- Varied (27 to 43 Hz) 
= 30 seconds
- Varied (0.4 to 5.4g) 
= 0.5 to 6 bar
Table 9.4.1 Results 2.6 to 2.19 Stage I tests
Effect of frequency on cleaning efficiency 
(Vertical vibration)
(Figure 7.1 Section 7.1)
CLEANING EFFICIENCY (%)
Test
No
Frequency
(H7)
Cycle
3
Cycle
4
Cycle
5
Cycle
6
Mean
2.6 50 62.7 61.3 67.2 68.9 65.0
2.7 80 61.7 57.9 65.7 58.5 61.0
2.8 100 62.5 69.5 63.2 60.1 63.8
2.9 300 75.3 67.8 71.5 64.6 69.8
2.10 500 78.8 77.9 70.7 63.7 72.8
2.11 700 87.3 86.7 85.6 82.6 85.6
2.12 900 88.3 84.8 80.0 77.3 82.6
2.13 1300 84.3 86.2 78.1 77.0 81.4
2.14 1700 49.7 54.5 48.2 42.2 48.7
2.15 2000 19.0 28.8 51.8 53.2 38.2
2.16 600 79.7 76.1 75.0 71.2 75.5
2.17 1100 81.5 81.3 77.0 73.4 78.3
2.18 1500 55.8 62.2 62.8 54.7 58.9
2.19 1900 4.7 1.2 1.8 64.0 17.9
Table 9.4.2 Results 3.1 to 3.16 Stage I tests
Effect of frequency on cleaning efficiency 
(Horizontal vibration)
(Figure 7.2 Section 7.1)
CLEANING EFFICIENCY (%)
Test
No
Frequency
(Hz)
Cycle
3
Cycle
4
Cycle
5
Cycle
6
Mean
3.1 50 75.5 74.1 67.6 78.4 73.9
3.2 1000 82.9 80.1 80.9 81.4 81.3
3.3 2000 0.7 5.8 62.2 9.9 19.7
3.4 300 88.9 87.6 84.0 85.2 86.4
3.5 700 68.8 63.2 68.1 56.1 64.1
3.6 1300 72.1 68.6 63.6 61.7 66.5
3.7 1700 54.6 66.5 49.1 45.1 53.8
3.8 700 64.8 63.1 59.6 59.3 61.7
3.9 500 78.9 77.3 74.0 75.3 76.4
3.10 900 73.7 70.9 68.7 68.0 70.3
3.11 200 87.4 88.3 88.4 85.6 87.4
3.12 1500 49.0 54.7 36.7 51.0 47.8
3.13 1100 76.1 72.8 69.9 68.1 71.7
3.14 950 71.9 70.7 71.6 70.0 71.05
3.15 20 64.5 59.9 58.3 63.7 61.6
3.16 1600 33.9 27.5 31.1 23.4 29.0
3.18 1000 57.1 58.9 60.2 55.3 57.9
Table 9.4.3 Results 1.4 to 1.18 Stage II tests
Effect of frequency on cleaning efficiency 
(Vertical vibration)
(Figure 7.3 Section 7.1)
CLEANING EFFICIENCY (%)
Test
No
Frequency
(Hz)
Cycle
3
Cycle
4
Cycle
5
Cycle
6 Mean
1.4 50 89.8 57.8 88.7 51.9 72.1
1.5 100 85.7 90.9 85.7 90.8 88.3
1.6 300 91.1 88.5 87.8 85.9 88.3
1.7 400 80.7 91.9 62.5 93.0 82.0
1.8 500 96.2 95.6 95.0 94.1 95.2
1.9 600 86.1 86.4 84.0 85.5 85.5
1.10 700 75.2 83.3 66.6 82.6 76.9
i—1 
i—1i—1 800 67.1 80.1 64.6 79.3 72.8
1.12 900 74.7 69.8 67.8 82.7 73.8
1.13 1000 73.6 79.6 71.0 79.1 75.8
1.14 1300 58.5 83.2 60.9 80.1 70.7
1.15 1500 83.4 61.5 74.0 73.4 73.1
1.16 400 90.9 89.5 89.0 87.4 89 . 2
1.17 450 87.4 88.7 87.4 87.5 87.8
1.18 550 83.7 81.3 80.7 83.3 82.3
Table 9.4.4 Results 2.1 to 2.12 Stage II tests
Effect of frequency on cleaning efficiency 
(Vertical vibration)
(High flowrate)
(Figure 7.4 Section 7.1)
CLEANING EFFICIENCY (%)
Test
No
Frequency 
(Hz)
Cycle
3
Cycle
4
Cycle
5
Cycle
6
Mean
2.1 50 - 68.0 85.1 57.0 70.0
2.2 100 86.1 85.9 84.1 82.9 84.8
2.3 300 85.7 82.1 85.3 83.4 84.1
2.4 400 87.2 87.2 86.1 86.0 86.6
2.5 500 92.8 93.6 91.6 92.2 92.6
2.6 600 85.1 85.5 84.5 84.8 85.0
2.7 700 81.5 83.3 80.6 82.5 82.0
2.8 800 78.9 78.6 79.1 80.6 79.3
2.9 900 54.4 93.4 56.9 86.6 72.8
2.10 1000 80.7 82.1 81.2 80.8 81.2
2.11 1300 72.1 85.3 72.9 83.1 78.4
2.12 1500 79.5 83.3 80.6 81.8 81.3
Table 9.4.5 Results 3.1 to 3.5 Stage II tests
Effect of frequency on cleaning efficiency 
(Vertical vibration)
(60 seconds cleaning time)
(Figure 7.5 Section 7.1)
CLEANING EFFICIENCY (%)
Test
No
Frequency
(HZ)
Cycle
3
Cycle
4
Cycle
5
Cycle
6
Mean
3.1 50 63.5 77.7 58.1 79.6 69.7
3.2 100 67.4 81.7 63.4 81.3 73.5
3.3 300 77.5 79.6 77.2 77.3 77.9
3.4 500 91.7 90.1 89.4 87. 3 89.6
3.5 800 66.2 71.2 69.2 71.2 69.5
Table 9.4.6 Vibration frequency response of directly
connected filter 
(Series 12, 13, 16 and 18 tests) 
Amplifier setting = 5 . 0
(Figure 7.18 Section 7.2)
Frequency
(Hz)
Volts
(V)
Acceleration
(xg)
Frequency
(HZ)
Volts
(V)
Acceleration
(xg)
'30 3.6 14.8 1880 4.5 17.8
40 3.2 13.4 2000 3.0 12.7
50 2.9 12.3 2020 3.9 15.8
60 2.8 12.0 2370 9.6 35.2
70 2.8 12.0 2500 8.9 32.8
80 2.5 11.0 4000 0.2 3.0
88 2.2 10.0 4500 2.3 10.3
90 2.4 10.6 5000 1.3 6.8
93 2.5 11.0 5500 1.8 8.5
100 2.2 10.0 7000 0.3 3.4
130 1.9 8.9 8000 0.3 3.4
150 2.5 11.0 8500 1.3 6.8
200 2.0 9.2 9000 0.3 3.4
300 1.8 8.5 9500 1.8 8.5
400 1-9 8.9 10,000 0.8 5.2
500 2.4 10.6 10,500 6.4 24.4 "
550 2.8 12.0 11,100 1.3 6.8
600 2.3 10. 3 11,600 5.2 20.2
650 3.1 13.0 12,100 1.1 6.2
700 2.1 9.6 12,600 2.9 12.3
800 3.0 12.7 13,000 0.3 3.4
900 0.8 5.2 14,000 8.3 30.8
940 2.1 9.6 15,000 2.2 10.0
1000 0.7 4.8
1200 0.2 3.0
1500 1.5 7.5
Table 9.4.7 Results 7 to 10 Stage II tests
Effect of inclination on long term steady state 
cleaned pressure drop
(Figure 7.19 Section 7.3)
Inclination
Test
No
Steady
State
^ c l e a n
(kPa)
Test
No
Steady
State
AP
clean
(kPa)
Test
No
Steady
State
^ c l e a n
(kPa)
+ 60°
+ 45° 7.6 0.473 8.5 1.033 9.4
Broken
Spindle
+ 30° 7.8 0.486 8.4 0.909 9.3 0.523
0° 7.5 0.436
8. 3 
8.8
0.847
0.996
9.2
10.2
0.598
0.598
- 30° 7.9 0.623 8.9 0.934 10.3 0.635
- 45° 7.7 0.535 8.10 0.834 10.4 0.647
i O'! o
0
10.5 0.598
Mean 0.510 0.925 0.600
Standard 
Deviation o
0.0644 0.0725 0.0396
% Values 
within 20-
100 100 100
Cyc
No
1
2
3
4
5
10
15
20
25
30
35
40
45
50
55
60
Table 9.4.8 Results 16 to 18 Stage II tests
(Long term tests)
(Figure 7.20 Section 7.3.1)
Vibration cleaning time = 30s 
Vibration frequency = 100 Hz
Vibration acceleration = lOg
Inclination 
= +45°
TEST 16
Inclination 
= -45°
TEST 17
Inclination
o
=  O'
TEST 18
Time
(min)
Pressure
Drop
(kPa)
Time
(min)
Pressure
Drop
(kPa)
Time
(min)
Pressure
Drop
(kPa)
0
23.5 
58.0
87.5
112.5
227.5
313.5
399.0
481.5
571.5
655.5
735.0 
813.3
880.0
942.5 
1010.5
0.07
0.16
0.19
0.23
0.25
0.41
0.55
0.67
0.65
0.74
0.77
0.82
0.85
0.88
0.94
0.90
0
37.0
74.0 
110.0
149.0
306.0
433.0
554.0
668.0
783.0
906.0
0.08 
0.12 
0.15 
0.18 
0.21 
0.46 
0.61 
0.65 
0.66 
0.66 
0.70
0
7.0
23.0
43.5
63.5
149.5 
216.0
283.0
357.0
432.5
514.0
603.0
700.0 
805 .5
914.5 
1031.0
0.09
0.16
0.32
0.26
0.29
0.62
0.70
0.71
0.73
0.72
0.72
0.72
0.72
0.73
0.73
0.77
Table 9.4.9 Results 12.3 Stage II tests
(Single cycle tests)
(Figures 7.10 to 7.13 Section 7.2) 
(Figures 7.21 to 7.23 Section 7.3.2)
Vibration frequency = 100 Hz 
Inclination = 0 °
Applied
accele­
ration
(g*)
Cloth
centre
displace­
ment
(mm)
Mass % 
removed 
(%)
Residual 
area 1 
dust 
load 
(g/m2)
Vibration
cleaned
pressure
drop
(kPa)
Area l
cleaning
force
(N/m^)
19 .0 0.88 96.5 8.6 0.25 46.1
15.1 0.52 66.0 78.3 0.40 34.1
11.0 0.38 66.9 87.8 0.31 28.6
7.6 0.18 29.8 164.7 0.68 17.5
5.6 0.10 15.4 222.3 1.25 14.4
Table 9.4.10 Results 13.2 Stage II tests
(Single cycle tests)
(Figures 7.21 to 7.23 Section 7.3.2)
Vibration frequency = 100 Hz 
Inclination = +45°
Applied
accele­
ration
(g*)
Cloth
centre
displace­
ment
(mm)
Mass % 
removed 
(%)
Residual 
A rea l  
dust 
load 
(g/m2)
Vibration
cleaned
pressure
drop
(kPa)
Areal
cleaning
force
(N/m2)
19.8 0 . 80 88.0 28.5 0.29 46.6
15.7 0.55 70.6 84.2 0.31 44.1
10. 9 0 . 30 46.5 152.3 0.44 30.4
7.2 0.17 18.3 228.4 1.58 19.7
5-2 0.10 16.9 231.2 2.04 14.2
Table 9.4.11 Results 13.4 Stage II tests
(Single cycle tests)
(Figures 7.21 to 7.23 Section 7.3.2)
Vibration frequency = 100 Hz 
Inclination = -45°
Applied
accele­
ration
( g * )
Cloth
centre
displace­
ment
(mm)
Mass % 
removed 
(%)
Residual 
are a  1 
dust 
load 
(g/m2 )
Vibration
cleaned
pressure
drop
(kPa)
Ar ea l  
cleaning 
forq£ 
(N/m )
20.4 - 95.5 15.5 0.17 69.4
15.8 - 92.8 26.8 0.17 57.8
10. 3 - 93.2 2 5.8 0.20 38.4
7.3 - 93.8 23.8 0.27 27.4
5.2 - 88.8 44.7 0.31 20.3
Table 9.4.12 Results 13.5 Stage II tests
(Single cycle tests)
(Figures 7.26 and 7.27 Section 7.4)
Vibration frequency = 100 Hz 
Inclination = 0°
Applied
accele­
ration
(g*)
Cleaning
time
(s)
Mass % 
removed 
(%)
Residual 
area 1 
dust 
load 
(g/m2 )
Vibration
cleaned
pressure
drop
(kPa)
A r e a l
cleaning
force
(N/m2 )
10.5 15 92.3 22.2 0.27 29.5
10.0 . 10 94.4 16.0 0.26 28.1
10.0 5 94.3 16.1 0.25 27.8
10.0 1 86.7 35.4 0.31 26.1
Table 9.4.13 Results 13.6 Stage II tests
(Single cycle tests)
(Figures 7.26 and 7.27 Section. 7.4)
Vibration frequency = 100 Hz 
Inclination = +45°
Applied
accele­
ration
(g*)
Cleaning
time
(s)
Mass % 
removed 
(%)
Residual 
a r e a  1 
dust 
load 
(g/m2 )
Vibration
cleaned
pressure
drop
(kPa)
A r e a  1 
cleaning 
force 
(N/m^)
10.0 15 85.2 33.4 0.46 22.1
10.0 10 59.8 94.9 0.51 23.2
10.0 5 46.6 113.0 0.61 20.8
10.0 1 26.6 151.6 0.83 20.3
Table 9.4.14 Filter media long term tests
(Section 7.5)
Cloth type Description
Sample
number
Total
time
for
60
cycles
(min)
Steady
state
clean
pressure
drop
(kPa)
GORETEX
Lightweight polyester
TENSIONED 
WITH MESH 19 1308 0.76
scrim
15ym membrane
WEBRON
Felt WITH MESH 20 293 1.97
type T10T/5630
GORETEX
Epitropic WITH MESH 21 268 1.43 ‘
Carbon fibre 
GORETEX (standard) NOT TENSIONED 
WITH MESH 22 549 1.34
GORETEX (standard)
NOT TENSIONED 
WITHOUT MESH 23 177 > 2 . 2 4
GORETEX (standard)
TENSIONED 
WITH MESH 24 694 1.31
GORETEX (standard)
TENSIONED 
WITHOUT MESH 25 181 > 2 . 2 4
PAPER TENSIONED 
WITH MESH 26 902 0.97
Type FF88/U1409 
PAPER
WITH MESH 27 458 1.73
Type FF00/U1409
Table 9.4.15 Standard acceleration tests.
TH IN GORETEX CLOTH 19
Filtration velocity= 0.0203m/s = 4 . Oft/min 
Inclination= O.ODeg
Switching pressure drop= 2 . 2 4 lOKPa = 9.0in.w.g.
Total filtration time= 23.5min
Rate of pressure increase= 1.187Pa/s = 0 . 286in.w.g/min
G* Ma ss Ma ss <rp Residual Force
Frame Cake Cake Fabric per
Remov ed Removed Load Area
0 628. 2 0.0 0.0 303.6 0.0
1 628. 1 0. 1 0.4 302.5 3.0
2 626.6 1.6 5.7 286.3 6.0
3 626. 4 1.8 6.4 284.2 8.9
4 624.5 3.7 13. 1 263.7 11.9
5 623.0 5.2 18.4 247.6 14.9
6 618.5 9.7 34. 4 199.1 17.9
7 617.3 10.9 38.7 186.2 20.8
8 616.3 11.9 42.2 175.5 23.8
9 614.3 13.9 49-3 153.9 26.8
10 611.3 16.9 59.9 12 1.6 29.8
11 606. 2 22.0 78.0 66.7 32.8
12 603. 2 25.0 88.7 34.4 35.7
13 603.0 25.2 89.4 32.3 38.7
14 601. 4 26.8 95.0 15. 1 41.7
50 600. 3 27.9 98.9 3.2 148.9
99 600. 0 28.2 100.0 0.0 294 .8
(-) (g) (g) U ) (g / m 2 ) (N / m 2 )
Uniform cake load= 0.3036Kg/m2
Dust concentration=10.6 g/m3
Specific cake resistance= 271.1 KPa.(m/s)-1.(Kg/m2)-1
Table 9.4.16 Standard acceleration tests.
FELT CL O T H 20
Filtration velocity: 0.0203m/s = 4 . Oft/min
Inclination: O.ODeg
Switching pressure drop= 2.2410KPa = 9.0in.w.g.
Total filtration time= 25.0min
Hate of pressure increase= 1.278Pa/s = 0 . 308in.w.g/min
G* Ma ss Mass % Residual Force
Fr ame Cake Cake Fabric per
Remov ed Remov ed Load Area
0 640.5 0.0 0. 0 456. 4 0.0
1 640. 3 0.2 0.5 454 .3 4.5
2 639.6 0.9 2. 1 446.7 9.0
q 639.2 1. 3 3. 1 442. 4 13.4
4 638. 4 2. 1 5.0 433.8 17.9
5 638.0 2.5 5.9 429.5 22.4
6 637.4 3. 1 7.3 423.0 26.9
7 636. 3 4.2 9.9 411.2 31.3
8 634.7 5.8 13.7 394 .0 35.8
9 631.3 9.2 21.7 357.4 40.3
10 627. 2 13.3 31.4 313.2 44.8
1 1 625. 2 15.3 36. 1 291.7 49.3
12 622. 3 18. 2 42.9 26 0.5 53.7
13 620. 3 20.2 47.6 239.0 58.2
1 4 618.7 21.8 51.4 221.7 62.7
50 610.5 30.0 70.8 133.5 223.9
99 598. 1 42.4 100.0 0.0 443.3
(-) (g) (g) (%) (g/m2) (N/m2)
Uniform cake load= 0.4564Kg/m2
Dust concentration=15.0 g/m3
Specific cake resistance: 206.6 KPa.(m/s)~1.(Kg/m2)-1
Table 9-4.17 Standard acceleration tests.
C FIBRE CL0TH21
Filtration velocity= 0.0203m/s = 4.0ft/min 
Inclination= O.ODeg
Sw itching pressure drops 2.24lOKPa = 9.0in.w.g.
Total Filtration time= 24.0min
Rate of pressure increase= 1.1S7Pa/s = 0 . 286in.w.g/min
G* Ma ss Ma ss % Residual Force
Fr ame Cake Cake Fabric per
R em ov ed Remov ed Load Area
0 669.6 0.0 0.0 282.0 0.0
1 669.5 0. 1 0.4 280.9 2.8
2 669. 1 0.5 1.9 276.6 5.5
3 668.8 0.8 3. 1 2 7 3 . ^ 8.3
4 668.3 1.3 5.0 268.0 11.1
5 668.0 1.6 6. 1 264.8 13.8
6 667. 4 2.2 8.4 258.3 16.6
7 666. 1 3.5 13.4 24 4. 3 19.4
8 665.0 4.6 17.6 232.5 22. 1
9 66 1.7 7.9 30.2 197.0 24.9
10 659. 4 10.2 38.9 172.2 27.7
11 654.3 15.3 58.4 117.3 30.4
12 652. 0 17.6 67.2 92.6 33.2
13 650.6 19.0 72.5 77.5 36.0
1 4 64 9.5 20. 1 76.7 65.7 38.7
50 643.7 25.9 98.9 3.2 138.3
99 643. 4 26.2 100.0 0.0 273.9
(-) (g) , (g) {%) (g/m2) (N/m2)
Uniform cake load= 0.2820Kg/m2
Dust concentrations 9.6 g/m3
Specific cake resistances 298.0 KPa.(m/s)-1.(Kg/m2)-1
Tabic 9.4.18 Standard acceleration tests.
STANDARD CORTEX NOT T E N S ION ED C L O T H 22
Fi lt ration velocity= 0.0203m/s = 4.0ft/min 
Inclination:; O.ODeg
Switching pressure d r o p = '2.2410KPa = 9.0in.w.g.
Total filtration time= 27.5rnin
Rate of pressure increase= 1.025Pa/s = 0 . 247in.w.g/min
G* Ma ss Ma ss ■r Residual Fo rce
Fr ame Cake Cake Fabric per
Remov ed Remov ed Load Area
0 657.2 0.0 0.0 343.4 0.0
1 657. 1 0. 1 0.3 342.3 3.4
2 655.8 1. 4 4.4 328.3 6.7
•3 655.5 1.7 5.3 325.1 10. 1
4 655. 1 2. 1 6.6 320.8 13.5
5 642.5 14.7 46. 1 185.1 16.8
6 641. 3 15.9 49.8 172.2 20.2
7 640.7 16.5 51.7 165.8 23.6
8 640.5 16.7 52. 4 163.6 26.9
9 640. 3 16.9 53.0 161.5 30.3
10 638.2 19.0 59.6 138.9 33.7
11 635.7 21.5 67.4 111.9 37. 1
12 634 . 3 22.9 71.8 96.9 40.4
13 633. 3 23.9 74.9 86. 1 43.8
1 4 632.6 24.6 77. 1 78.6 47.2
50 626. 3 30.9 96.9 10.8 168.4
99 625. 3 31.9 100.0 0.0 333.5
(-) (g) (g) (?) (g/m2) (N / m 2 )
Uniform cake load = 0.3434Kg/m2
Dust concentration=10.2 g/m3
Specific cake resistance;; 242.2 KPa.(m/s)-1.(Kg/m2)-1
Table 9.4.19 Standard acceleration tests.
STAN DAR D CORTEX ..NOT TENS ..NO MESH CLOTH2 3
Filtration velocity= 0.Q203m/s = 4.0ft/min 
In'clination= O.ODeg
Switching pressure drop= 2.2410KPa = 9.0in.w.g.
Total filtration time= 20.0min
Rate of pressure increase= 1.62?Pa/s = 0 . 392in.w.g/min
G* Ma ss Mass % Residual Force
Frame Cake Cake Fa brie per
Rem ov ed Rernov ed Load Area
0 *163.3 0.0 0.0 331.5 0.0
1 462.6 0.7 2.3 324.0 3.3
2 459.0 4.3 14. 0 285.3 6.5
3 458. 1 5.2 16.9 275.6 9.8
4 . 453.5 9.8 31.8 226.0 13.0
5 450. 1 13.2 42.9 189.5 16.3
6 447.5 15.8 51.3 161.5 19.5
7 445.8 17.5 56.8 143.2 22.8
8 44 4 .0 19.3 62.7 123.8 26.0
9 442.5 20.8 67.5 107.6 29.3
10 440.5 22.8 74.0 86. 1 32.5
1 1 439.3 24 . 0 77.9 73.2 35.8
12 438.5 24.8 80.5 64.6 39.0
13 437 .7 25.6 83. 1 56.0 42.3
14 437.4 25.9 84. 1 52.7 45.5
50 432.9 30.4 98.7 4.3 162.6
99 432.5 30.8 100.0 0.0 322.0
(-) (g) (g) (%) (g/m2) (N/m2)
Unif orm cake load= 0.3315Kg/m2
Dust c o n c e n t r a t i o n = 13-6 g/m3
Specific cake resistance= 289.6 K P a .( m / s ) ~ 1 .(Kg/m2)-1
Table 9.4.20 Standard acceleration tests.
STAN DAR D GORTEX .. TENS ..WITH MESH CLOTH24
Filtration velocity= 0 . 0203m/s = 4.0ft/min 
Inclinations O.ODeg
Switching pressure drops 2.2410KPa = 9.0in.w.g.
Total filtration time= 32.5min
Rate o f  pressure increases 0. 892Pa/s = 0. 2 15in.w.g/min
G« Ma ss Mass % Resid ual Force
Fr ame Cake Cake Fabric per
Remov ed Remov ed Load Area
0 658. 1 0.0 0.0 287.4 0.0
1 658.0 0. 1 0.4 286.3 2.8
2 657.5 0.6 2.2 280.9 5.6
3 657.2 0.9 3.4 277.7 8.5
4 655.5 2.6 9.7 259.4 11.3
5 654. 3 3.8 14 . 2 246.5 14.1
6 654. 0 4. 1 15.4 243.3 16.9
7 653. 1 5.0 18.7 233.6 19.7
8 651.5 6.6 24.7 216.4 22.6
9 649.6 8.5 31.8 195.9 25.4
10 648. 1 10.0 37.5 179.8 28.2
1 1 642. 5 15.6 58.4 119.5 31.0
12 640.0 18. 1 67.8 92.6 33.8
13 639. 1 19.0 71.2 82.9 36.7
14 638.5 19.6 73.4 76.4 39.5
50 632.5 25.6 95.9 11.8 14 1.0
99 631.4 26.7 100.0 0.0 279.1
(-) (g) (g) (%) (g / m 2 ) (N / m 2 )
Uniform cake load= 0.2874Kg/m2
Dust concentrations 7.2 g/m3
Specific cake resistances 297.7 KPa.(m/s)-1.(Kg/m2)-1
Table 9.4.21 Standard acceleration tests.
ST AN DAR D GORTEX .. TENS ..WITH MESH CL0TH24 - 4 5D EG
Filtration velocity= 0.0203m/s = 4.0ft/min 
Inclination= -45.0Deg
Switching pressure drops 2 . 2 4 lOKPa = 9.0in.w.g.
Total filtration time= 39.0min
Rate of pressure increase= 0.701Pa/s = 0 . 169in.w.g/min
G# Ma ss Mass % Resid ual Force
Fr ame Cake Cake Fa brie per
Remov ed Remov ed Load Area
0 659-4 0.0 0.0 299.2 0.0
1 659-3 0. 1 0.4 298.2 2.9
2 657-2 2.2 7.9 275.6 5.9
•3 656.7 2.7 9.7 270.2 8.8
4 653-2 6.2 22.3 232.5 11.7
5 652. 0 7.4 26.6 219.6 14.7
6 648.6 10.8 38.8 183.0 17.6
7 644 .0 15.4 55.4 133.5 20.5
8 642.8 16.6 59.7 120.6 23.5
9 639-9 19.5 70. 1 89.3 26.4
10 638.4 21.0 75.5 73.2 29. 4
1 1 638.0 21. 4 77.0 68.9 32.3
12 636.2 23.2 83.5 49.5 35.2
13 635 - 1 24.3 87.4 37.7 38.2
1 4 634.6 24.8 89.2 32.3 41.1
50 632.2 27.2 97.8 6.5 146.8
99 631-6 27.8 100.0 0.0 290.6
(-) (E) (g) (S) (g / m 2 ) (N / m2)
Uniform cake loads 0.2992Kg/m2
Dust concentrations 6.3 g/m3
Specific cake resistances 269-7 KPa.(m/s)-1.(Kg/m2)-1
Table 9.4.22 Standard acceleration tests.
STAN DAR D GORTEX .. TENS ..WITH MESH CL0TH24 +45DEG
Filtration velocity: 0.0203rn/s = 4.0ft/min
Inclination: 45.0Deg
Switching pressure drop: 2.2410KPa = 9.0in.w.g.
Total filtration time= 33.0min
Rate of pressure increase: 0.83SPa/s = 0 . 202in.w.g/min
G* Mass Mass % Residual Force
Fr ame Cake Cake Fabrie per
Removed Remov ed Load Area
0 655.8 0.0 0.0 262.6 0.0
1 653.2 2.6 10.7 234.7 2.6
2 649.4 6.4 26.2 193.8 5.2
7 648.8 7.0 28.7 187.3 7.7
4 .648. 1 7.7 31.6 179.8 10.3
5 642. 4 13.4 54.9 118. 4 12.9
6 641.3 14 .5 59.4 106.6 15.5
7 640. 4 15.4 63. 1 96.9 18.0
8 639.4 16.4 67.2 86.1 20.6
9 638.6 17.2 70.5 77.5 23.2
10 637.0 18.8 77.0 60.3 25.8
1 1 636.3 19.5 79.9 52.7 28.3
12 635.5 20.3 83.2 44. 1 30.9
13 635.2 20.6 84. 4 40.9 33.5
1 4 635.0 20.8 85.2 38.8 36.1
50 632.0 23.8 97.5 6.5 128.8
95 631. 4 24. 4 100. 0 0.0 255.1
(-) (g) (g) {%) (g/m2) (N / m2)
Uniform cake load: 0.2626Kg/m2
Dust concentration: 6.5 g/m3
Specific cake resistance: 310.8 KPa.(m/s)-1.(Kg/m2)-l
Tabic 9.4.23 Standard acceleration tests.
STAN DAR D GORTEX .. TENS ..WITH MESH CL0TH24CDHI
Filtration velocity: 0.0203m/s = 4.0ft/min
Inclination: O.ODeg
Switching pressure drop: 2.2410KPa : 9.0in.w.g.
Total filtration time: V4.5min
Rate of pressure increase: 1.975Pa/s = 0 . 47 6in.w.g/min
G* Ma ss Mass Cf/> Residual Force
Frame Cake Cake Fa brie per
Remov ed Remov ed Load Area
0 657.8 0. 0 0.0 277.7 0.0
1 657.7 0. 1 0.4 276.6 2.7
2 657.5 0. 3 1.2 274.5 5.4
3 657.4 0.4 1.6 273- 4 8.2
4 657 .2 0.6 2.3 271.3 10.9
5 656.7 1. 1 4. 3 265.9 13*6
6 655.6 2. 2 8.5 254.0 16.3
7 651.6 6.2 24.0 211.0 19.1
8 648.8 9.0 34.9 180.8 21.8
9 646. 2 !! .6 45.0 152.9 24.5
1 0 645.2 12.6 48.8 142. 1 27.2
1 ! 643.5 14. 3 55.4 123.8 30.0
12 643. 0 14.8 57.4 118.4 32.7
13 639.0 18.8 72.9 75.3 35.4
1 4 638.6 19. 2 74.4 71.0 38.1
50 635.0 24.8 96. 1 10.8 136.2
99 632.0 25.8 100.0 0.0 269.7
(-) (E) (g) {%) (g/m2) (N/m2)
Uniform cake load: 0.2777Kg/m2
Dust concentration:!5.7 g/m3
Specific cake resistance: 304.3 KPa.(m/s)-l.(Kg/m2)-1
Table 9.4.24 Standard acceleration tests.
ST ANDARD GORTEX .. TENS ..WITH MESH CL0TH24CDL0W
Filtration velocity= 0.0203m/s = 4. 0ft/min 
Inclination= O.ODeg
Sw itching pressure dropr 2.2410KPa = 9.0in.w.g.
Total filtration timer 59.0min
Rate of pressure increaser 0.527Pa/s r 0 . 127in.w.g/min
G« Ma ss Mass ef Residual Fo rce
Fr ame Cake Cake Fabric per
Remov ed Rem oved Load Area
0 657.0 0.0 0.0 267.0 0.0
1 656.9 0. 1 0. 4 265.9 2.6
2 656.5 0.5 2.0 261.6 5.2
v 656.5 0.5 2.0 261.6 7.9
4 655.9 1. 1 4.4 255. 1 10.5
5 652.7 4.3 17.3 220.7 13. 1
6 650.9 6. 1 24.6 201. 3 15.7
7 648.3 8.7 35. 1 173.3 18.3
8 646. 3 10.7 43. 1 151.8 21.0
9 645.6 11.4 46.0 144.2 23.6
10 645. 1 11.9 48.0 138.9 26.2
1 1 642.5 14.5 58.5 110.9 28.8
12 639.6 17.4 70.2 79.7 31.4
13 639. 1 17.9 72.2 74.3 34.0
14 638. 1 18.9 76.2 63.5 36.7
50 633.3 23.7 95.6 11.8 130.9
99 632. 2 24.8 100.0 0.0 259.3
(-) (g) (g) (?) (g/m2) (N/m2)
Uniform cake loadr 0.2670Kg/m2
Dust concentrationr 3.7 g/m3
Specific cake resistancer 343.7 KPa.(m/s)-1.(Kg/m2)-1
Table 9.4.25 Standard acceleration tests.
STANDARD GORTEX .. TENS ..WITH MESH CLOTH24CDVHI
Filtration velocity: 0.0203m/s = 4 . Oft/min
Inclination: O.ODeg
Switching pressure drop: 2.2410KPa = 9.0in.w.g.
Total filtration time= 7.0min
Rate of pressure increase: 4.370Pa/s = 1.053in.w.g/min
G* Ma ss Ma ss % Residual Fo rce
Fr ame Cake Cake Fabr ic per
Removed Remov ed Load Area
0 659.3 0.0 0.0 293.9 0.0
1 659.2 0. 1 0. 4 292.8 2.9
2 658.5 0.8 2.9 285.3 5.8
3 658. 0 1.3 4.8 279.9 8.6
4 657.5 1.8 6.6 274.5 11.5
5 652.8 6.5 23.8 223.9 14.4
6 651. 1 8.2 30.0 205.6 17.3
7 649. 2 10. 1 37.0 185. 1 20.2
8 647. 1 12.2 44 .7 162.5 23. 1
9 643.0 16.3 59.7 118.4 25.9
10 641.9 17.4 63.7 106.6 28.8
1 1 639.4 19.9 72.9 79.7 31.7
12 638.3 21.0 76.9 67.8 3^.6
13 637 .7 21.6 79. 1 61.4 37.5
14 636.8 22.5 82.4 51.7 40.4
50 632.9 26.4 96.7 9.7 144. 1
99 632.0 27.3 100.0 0.0 285.4
(-) (E) (g) (?) (g / m 2 ) (N/m2)
Uniform cake load: 0,2939Kg/m2.
Dust concentration^ 4.4 g/m3
Specific cake resistance: 307.2 KPa.(m/s)-1.(Kg/m2)-l
Table 9.4.26 Standard acceleration tests.
STAN DAR D GORTEX .. TENS ..WITH MESH CLOTH24DPSW3
Filtration velocity= 0.02C3m/s = 4 . Oft/min 
Inclinations O.ODeg
Switching pressure drop= 0.7470KPa = 3.0in.w.g.
Total filtration time= G.Omin
Rate of pressure increases 1.627Pa/s = 0 . 392in.w.g/min
G* Mass Mass % Residual Force
Fr ame Cake Cake Fabric per
Remov ed Remov ed Load Area
0 638. 3 0.0 0.0 68.9 0.0
1 638. 3 0.0 0.0 68.9 0.7
2 638. 3 0.0 0.0 68.9 1.4
3 638. 3 0.0 0. 0 68.9 2.0
4 638. 3 0.0 0.0 68.9 2.7
5 638.3 0.0 0.0 68.9 3.4
6 638.3 o.c 0.0 68.9 4. 1
7 638. 3 0.0 0. 0 68.9 4.7
8 638.3 0.0 0.0 68.9 5.4
9 638.2 0. 1 1.6 67.8 6.1
10 638.0 0.3 4.7 65.7 6.8
11 637.8 0.5 7.8 63.5 7.4
12 637.6 0.7 10.9 61.4 8.1
13 637. 4 0.9 14 . 1 59.2 8.8
1 4 636. 5 1.8 28. 1 49.5 9.5
50 632.9 5.4 84.4 10.8 33.8
99 631.9 6.4 100. 0 0.0 66.9
(-) (g) (g) <%) Cg/m2) (N / m 2 )
Uniform cake load= 0.0689Kg/m2
Dust concentration= 9.4 g/m3
Specific cake resistances 418.1 KPa.(m/s)-1.(Kg/m2)-1
Table 9.4.27 Standard acceleration tests.
STANDARD GORTEX .. TENS ..WITH MESH CLOTH24DPSW5
Filtration velocity= 0.0203m/s = 4.0ft/min 
Inclination: O.ODeg
Switching pressure drop= 1.2450KPa = 5.0in.w.g.
Total filtration time= 13*5min
Rate of pressure increase: 1.120Pa/s : 0 . 270in.w.g/min
G* Ma ss Ma ss % Residual Force
Frame Cake Cake Fa brie per
Remov ed Remov ed Load Area
0 644.2 0.0 0.0 132.4 0.0
1 64 4. 2 0.0 0.0 132.4 1.3
2 644.2 0.0 0.0 132.4 2.6
3 64 4 .2 0.0 0.0 132.4 3.9
4 644 . 1 0. 1 0.8 131.3 5.2
5 644 . 1 0. 1 0.8 131.3 6.5
6 644 .0 0.2 1.6 130.2 7.8
7 643.7 0.5 4. 1 127.0 9.1
8 643.5 0.7 5.7 124.9 10.4
9 642.6 1.6 13.0 115.2 11.7
10 642. 0 2.2 17.9 108.7 13.0
1 1 64 1. 1 3- 1 25.2 99.0 14.3
12 640.8 3.4 27.6 95.8 15.6
13 640.5 3.7 30. 1 92.6 16.9
1 4 639.7 4.5 36.6 84.0 18.2
50 632. 4 11.8 95.9 5.4 64.9
99 63 1-9 12. 3 100.0 0.0 128.6
(-) (g) (g) (5) (g / m 2 ) ( N / m 2 )
Uniform cake load= 0.1324Kg/m2 
Dust concentration= 8.0 g/m3
Specific cake resistance: 337.1 K P a .( m / s ) - l .(Kg/m2)-1
Table 9.4.28 Standard acceleration tests.
STAN DAR D GORTEX .. TENS ..WITH MESH CLOTH2 4DPSW7
Filtration velocity= 0 .0203m/s = 4.0ft/min 
Inclinations O.ODeg
Switching pressure drop= 1.7 430KPa = 7.0in.w.g.
Total filtration time= 20.0min
Rate o f  pressure increase= l.170Pa/s = 0. 28 2in.w.g/min
G* Ma ss Ma ss % Re sidual Force
Frame Cake Cake Fa brie per
Rem ov ed Removed Load Area
0 650. 4 0.0 0.0 199. 1 0.0
1 650.4 0.0 0.0 199. 1 2.0
2 650.4 0.0 0.0 199. 1 3.9
3U 650.3 0. 1 0.5 198. 1 5.9
4 650. 0 0. 4 2.2 194.8 7.8
5 649.6 0.8 4.3 190.5 9.8
6 648.7 1.7 9.2 180.8 11.7
7 647 . 2 3.2 17.3 164.7 13.7
8 645.6 4.8 25.9 147.5 15.6
9 643.8 6.6 35.7 128. 1 17.6
10 639.6 10.8 58.4 82.9 19.5
1 1 638.0 12. 4 67.0 65.7 21.5
12 637.5 12.9 69.7 60.3 23.4
13 637.3 13. 1 70.8 58. 1 25.4
14 637. 1 13.3 71.9 56.0 27.3
50 632.6 17.8 96.2 7.5 97.7
99 631.9 18.5 100.0 0.0 193.4
(-) (g) (g) (%) (g/m2) (N/m2)
Uniform cake load= 0 . 1991Kg/m2
Dust concentration= 8.2 g/m3
Specific cake resistances 346.8 KPa.(m/s)-1.(Kg/m2)-1
Table 9.4.29 Standard acceleration tests.
STANDARD GORTEX .. TENS ..WITH MESH CL OT H24 FV 2
Filtration velocity= 0.0102m/s = 2.0ft/min 
Inclination= O.ODeg
Switching pressure drop= 2.2410KPa = 9.0in.w.g.
Total filtration timer 142.0min
Rate of pressure increases 0.207Pa/s = 0.050in .w .g /mi n
G* Ma ss Ma ss % Residual Force
Fr ame Cake Cake Fabr ic per
Remov ed Removed Load Area
0 687.7 0. 0 0.0 595.3 0.0
1 687.2 0.5 0.9 589.9 5.8
2 682.9 4.8 8.7 543.6 11.7
3 68 1. 4 6.3 11.4 527.4 17.5
4 676. 1 11.6 21. 0 470.4 23.4
5 667.8 19.9 36.0 381. 1 29.2
6 660. 2 27.5 49.7 299.2 35.0
7 64 9.9 37.8 68.4 188.4 40.9
8 645 .7 42.0 75.9 143.2 46.7
9 643.6 44 . 1 79.7 120.6 52.6
10 642.6 45. 1 81.6 109.8 58.4
1 1 641.0 46.7 84. 4 92.6 64.2
1 2 639.7 48.0 86.8 78.6 70. 1
13 639. 2 48.5 87.7 73.2 75.9
14 638.6 49. 1 83.8 66.7 81.8
50 633.6 54. 1 97.8 12.9 292.0
99 632. 4 55.3 100. 0 0.0 578.1
(-) (fi) (s) (%) (g / m 2 ) (N/m2)
Uniform cake load= 0.5953Kg/m2
Dust concentration= 6.9 g/m3
Specific cake resistance= 292.1 KPa.(m/s)-1.(Kg/m2)-1
Table 9.4.30 Standard acceleration tests.
STANDARD GORTEX .. TENS ..WIT}! MESH CLOTH24FV6
Filtration velocity= 0.0305m/s = 6.0ft/min 
Inclination= O.ODeg
Switching pressure drop= 2.2410KPa = 9.0in.w,g.
Total filtration time= 11.5min
Rate of pressure increase= 2.440Pa/s = 0.588in .w .g /mi n
G» Ma ss Mass % Re sidual Force
Fr ame Cake Cake Fabric per
Removed Rernov ed Load Area
0 646.5 0.0 0.0 156. 1 0.0
1 646.5 0.0 0.0 156. 1 1.5
2 646. 4 0. 1 0.7 155.0 3.1
3 646. 3 0. 2 1.4 153.9 4.6
4 646.3 0.2 1.4 153.9 6. 1
5 646.2 0. 3 2. 1 152.9 7.7
■ 6 646. 2 0.3 2. 1 152.9 9.2
7 645.5 1.0 6.9 145.3 10.7
8 645. 3 1.2 8.3 143.2 12.2
9 643.2 7 O 22.8 120.6 13.8
10 640.9 5.6 38.6 95.8 15.3
1 1 640.6 5.9 40.7 92.6 16.8
12 640.0 6.5 44.8 86. 1 . 18.4
13 639.9 6.6 45.5 85.0 19.9
14 639.6 6.9 47.6 81.8 21.4
50 633.0 13.5 93. 1 10.8 76.6
99 632.0 14.5 100. 0 0.0 151.6
(-) (g) (g) (S) (g/m2) (N/m2)
Unif orm cake load= 0. 1561Kg/m2 
Dust concentration= 7.4 g/m3
Specific cake resistance= 353.7 K P a .( m / s ) - 1.(Kg/m2)-1
Table 0.4.31 Standard acceleration tests.
STANDARD GORTEX . . TENS ..WITH MESH CLOTH2 4FV8
Filtration velocity= 0.0406m/s = 8.0ft/min 
Inclinations O.ODeg
Switching pressure drops 2.2410KPa s 9.0in.w.g.
Total filtration times 7.0min
Rate of pressure increases 3.772Pa/s s 0. 90 9in.w.g/min
G* Mass Ma ss % Re sidual Force
Fr ame Cake Cake Fa br i c pe r
Remov ed Remov ed Load Area
0 641.8 0.0 0.0 101.2 0.0
1 64 1.8 0.0 0.0 101.2 1.0
2 64 1.7 0. 1 1. 1 100. 1 2.0
3 641.7 0. 1 1. 1 100. 1 3.0
4 641.7 0. 1 1. 1 100. 1 4.0
5 641.6 0.2 2. 1 99.0 5.0
6 64 1. 6 0.2 2. 1 99.0 6.0
7 64 1.5 0.3 3.2 98.0 6.9
8 641.4 0.4 4.3 96.9 7.9
9 64 1. 4 0.4 4.3 96.9 8.9
10 64 1. 1 0.7 7.4 93.6 9.9
1 1 64 1. 1 0.7 7.4 93.6 10.9
12 640.6 1.2 12.8 88.3 11.9
13 640. 4 1. 4 14.9 86.1 12.9
1 4 640.0 1.8 19. 1 81.8 13.9
50 633.3 8.5 90. 4 9.7 49.6
99 632. 4 9.4 100.0 0.0 98.3
(-) (g) (g) (%) (g/m2) ( N / m 2 )
Uniform cake loads 0. 1012Kg/m2
Dust concentrations 5.9 g/m3
Specific cake resistances 385.0 KPa.(m/s)-l.(Kg/m2)-1
Table 9.4.32 Standard acceleration tests.
STAN DAR D GORTEX .. T E N S  NO MESH CLOTH25
Filtration velocity: 0.0203m/s = 4.0ft/min
Inclination: O.ODeg
Switching pressure drop: 2.2410KPa = 9.0in.w.g.
Total filtration time: 24.0min
Rate of pressure increase: 1.432Pa/s : 0 . 345in.w.g/min
G* Ma ss Ma ss % Residual Force
Frame Cake Cake Fa br ic per
Remov ed Rem ov ed Load Area
0 460.7 0.0 O.C 297. 1 0.0
1 460. 3 0.4 1.4 292.8 2.9
2 459.5 1.2 4.3 284.2 5.8
•3 459 . 1 1.6 ' 5.8 279.9 8.7
4 454 .6 6. 1 22. 1 231. 4 11.7
5 453.5 7.2 26. 1 219.6 14.6
6 451.3 9.4 34. 1 195.9 17.5
7 44 9.5 11.2 40.6 176.5 20.4
8 448.6 12. 1 43.8 166.8 23.3
9 446.6 14.1 51.1' 145.3 26.2
10 443. 4 17. 3 62.7 110.9 29. 1
1 1 441.9 18.8 68. 1 94.7 32. 1
12 440. 4 20.3 73.6 78.6 35.0
13 440. 1 20.6 74.6 75.3 37.9
14 439.7 21.0 76.1 71.0 40.8
50 434 . 1 26.6 96.4 10.8 145.7
99 433. 1 27.6 100.0 0.0 288.5
(-) (g) (g) (%) (g/m2) ( N / m 2 )
Uniform cake load: 0.2971Kg/m2
Dust concentration:10.1 g/m3
Specific cake resistance: 3^1-3 KPa.(m/s)-1.(Kg/m2)-1
Table 9.4.33 Standard acceleration tests.
THIN PAFER CLOTH26
Filtration velocity= 0 .0203m/s = 4.0ft/min 
Inclinationr O.ODeg
Switching pressure drop= 2.2410KPa = 9»0in.w.g.
Total filtration timer 19.0min
Rate of pressure increaser 1.660Pa/s = 0 . 40 0in.w.g/min
G« Mass Ma ss % Residual Force
Fr ane Cake Cake Fabric per
Rem oved Remov ed Load Area
0 634.0 0.0 0.0 336.9 0.0
1 633.9 0. 1 0.3 335.8 3.3
2 633.5 0.5 1.6 331.5 6.6
3 633.4 0.6 1.9 330.5 9.9
4 633.0 1.0 3.2 326.2 13.2
5 624. 3 9.7 31.0 232.5 16.5
6 621.9 12. 1 38.7 206.7 19.8
7 621.6 12.4 39.6 203.4 23. 1
8 621. 5 12.5 39.9 202.4 26.4
9 621. 5 12.5 39.9 202.4 2 9.7
10 621.4 12.6 40.3 201.3 33.1
11 621. 2 12. 8 40.9 199. 1 36.4
12 620.4 13.6 43.5 190.5 39.7
13 620. 1 13.9 44.4 187.3 43.0
1 4 620. 0 14.0 44 .7 186.2 46.3
50 613. 1 20. 9 66.8 111.9 165.3
99 602.7 31.3 100.0 0.0 327.2
(-) (g) (g) (55) (g/m2) (N/m2)
Uniform cake loadr 0.3369Kg/m2
Dust concentrationr14.5 g/m3
Specific cake resistances 276.2 KPa.(m/s)-!.(Kg/m2)-l
Table 9.4.34 Standard acceleration tests.
THICK PAPER CL0TH27
Filtration velocity= 0.0203m/s = 4.0ft/min 
Inclination:: O.ODeg
Switching pressure drop= 2.2410KPa = 9.0in.w.g.
Total filtration time= 25.0min
Rate of pressure increase= 1.108Pa/s = 0 . 267in.w.g/min
G* Ma ss Ma ss % Residual Force
Fr ame Cake Cake Fabric per
Remov ed Removed Load Area
0 417.2 0.0 0.0 271.3 0.0
1 417.2 0.0 0.0 271.3 2.7
2 417.1 0. 1 0.4 270.2 5.3
"5 416.9 0.3 1.2 268.0 8.0
4 416.4 0.8 3.2 262.6 10.6
5 415.7 . 1.5 6.0 255. 1 13-3
6 415.1 2. 1 8.3 248.7 16.0
7 413.4 3-8 15. 1 230.4 18.6
8 409.8 7.4 29. 4 191.6 21.3
9 407.3 9.9 39. 3 164.7 23.9
10 405.6 11.6 46.0 146. 4 26.6
1 1 404. 3 12.9 51.2 132.4 29.3
12 402.2 . 15.0 59.5 109.8 31.9
13 400.9 16.3 64.7 95.8 34.6
14 399.9 17.3 68.7 85.0 37.3
50 393.8 23. 4 92.9 19. 4 133. 1
99 392.0 25.2 100.0 0.0 263.4
(-) (g) (g) (X) (g / m 2 ) (N/m2)
Uniform cake load= 0.2713Kg/m2
Dust concentration= 8.9 g/m3
Specific cake resistance:: 301.3 KPa.(m/s)-1.(Kg/m2)-1
Table 9.4.35 Vibration results of Pilot plant tests
(Figure 7.38 Section 7.9)
Test
No.
Air
pressure
(bar)
Vibrator
added
weight
(Kg)
Freq­
uency
(Hz)
Accele­
ration
(xg)
Cloth
centre
displace­
ment
(mm)
Vl/1 1 0 29 1.7 0.72
Vl/2 3 0 36 3.0 1.75
Vl/3 6 0 43 5.0 0.62
V2/1 0.5 0 27 0.4 0.45
V2/2 1 4.2 24 1.14 1.3
V2/3 3 4.2 30 5.4 2.0
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APPENDIX I 
Computer Programs
Program 1. Prediction of theoretical displacement profiles.
Z SCA LE = 1 0. 0
A M A X = 5 . 0 
W R I T E  ( 1 ,20)
2 0  FORTdAT (X , ’ INPUT VALUES OF K & L')
READ( 1, 10)K,L 
10 F 0 R M A T C I 1 , / fI1)
P 1=3. 1415926 
D O  2 I Y = 0 , 100,2 
DO 1 IX=0, 100,2
Z= ZS CAL E* A M A X * S I N ( K * P I * I X /  100) *SIN(L*PI*I Y/ 1 00) 
W R I T E C 6 ,3)I X ,Z,IY 
3 FO RM A T ( X  ,14 , MX, F 6 .2, MX, I M )
1 CONTINUE 
IYT=IY+2
W R I T E (6 , 3) IX , Z, IYT
2 CONT INU E 
S T OP 
END
D I M E N S I O N  I G ( 2 0 )  , F R M ( 2 0 )  , 1  T I T L E ( 6 0 )
R E A D ( 5 , 6 ) I T I T L E
6  F 0 R M A T ( 6 0 A 1 )
W R I T E  ( 6 ,  2 0 )
2 0  F O R M A T ( 1 ’ )
W R I T E ( 6 , 6 ) I  T I T L E  
W R I T E C 6  , 1 2 )
1 2  F O R M A T ( 1)
R E A D ( 5  t 7 ) S V E L F  , F I N C ,  D P S W I N ,  F T , S L I M
7  F 0 R M A T ( F 6 .  1 ,  F 6 .  1 ,  F 6 .  1 ,  F 6 . 1 ,  F 7 . 3 )
D P S W = D P S W I N * 2  4 9 /  I 0 0 0  
S V E L = S V E L F * 0 .  3 0 4 8 / 6 0
S L = S L I M *  2  4 9 / 6  0
W R I T E ( 6  , 8 ) S V E L , S V E L F , F I N C ,  DPSW,  D P S W I N ,  F T , S L ,  S L I M
8  F  O R M A T ( 4  X ,  ’ F i l t r a t i o n  v e l o c i t y : :  ’ , F 7 . 4 , ' m / s  = ’ , F 4 .  1 ,  ’  f  t / m i n ’ , /
+  4 X , ’ I n c l i n a t i o n s ' , F 7 .  I / D e g 1 , /
+  4 X , ’ S w i t c h i n g  p r e s s u r e  d r o p =  ’ , F 7 .  4 , ’ K P a  = ’ , F 4 . 1 ,  ’  i n .  w . g  . '  , /
+  4 X , ’ T o t a l  f i l t r a t i o n  t i m e =  ' ,  F 7 .  1 , ’ m i n ’ , /
+  4 X , ’ R a t e  o f  p r e s s u r e  i n c r e a s e =  ’ , F 7 . 3 , ’  P a / s  = ’ , F 7 . 3 » 1 i n .  w . g / m i n ’ ) 
W R I T E ( 6  , 9 )
0  F O R M A T ( / / '  G *  M a s s  M a s s  % R e s i d u a l  F o r c e ’ /
+  ’ F r a n e  C a k e  C a k e  F a b r i c  p e r ’ /
+  ’ R e m o v e d  R e m o v e d  L o a d  A r e a  ’ )
D O  2  1 = 1 , 1 7  
R E A D ( 5  , 1 )  I G ( I ) , F RM(  I )
2  C O N T I N U E
1 F O R M A T ( 2 X , I 2  , 2 X , E  1 2 . 6 )
C M A S S = F R M (  1 ) - F R M (  1 7)
A  MASS r C M A S S /  1 0 0 0 / 0 . 0 9 2 9  
D O  3 1 = 1 , 17  
T C T M = F R M (  1 ) - F R M ( I )
PREM = T 0 T M /  C M A S S *  1 0 0  
R F L = ( C M A S S - T C T M ) / 0 . 0 9 2 9  
A F = I G ( I )  * 9  . 8  1*A MASS
W R I T E ( 6 , 5 ) I G ( I ) t F R M ( I ) , T 0 T M , PR E M , R F L , A F
3  C O N T I N U E
5  F O R M A T ( I 2  , 6 X ,  F 6 .  1 ,  3 X ,  F 6 . 1 ,  3 X ,  F 6 .  1 ,  5 X ,  F 6 .  1 , 3 X ,  F 6 .  1)
W R I T E C 6 , 1 5 )
1 5 F 0 R M A T (  ’ ( - ) ' , 8 X , ’ ( g )  ( g )  (%) ( g / m 2 )  ( N / m 2 )  ’ / / )
C D = A M A S S / S V E L F / 0  . 3 0 5 / F T *  1 0 0 0
R = S L I M / 6 0 *  2  49  *  F  T * 6  0 / A M A S S /  1 0 0  0 / SVE L F *  6  0 / 0 .  3  0 5  
W R I T E C 6  , 1 6 ) A M A S S
1 6  F 0 R M A T ( 4 X , ’ U n i f o r m  c a k e '  l o a d = ’ , F 7 . 4 , ’ K g / m 2 ' )
W R I T E C 6 ,  1 7 ) C D , R
1 7 F O R M A T C 4  X , ' D u s t  c o n c e n t r a t i o n = ’ , F 4 . 1 , ’ g / m 3 ’ , /
+  4 X , ’ S p e c i f i c  c a k e  r e s i s t a n c e =  ' ,  F 6 . 1 , '  K P a . ( m / s ) - 1 . ( K g / m 2 ) - i 1 )
S T O P
E N D
Program 3. Filter simulation program.
C
C . F I L T E R  S I M U L A T I O N  PROGRAM I N C L U D I N G  S T A N D I N G  WA VE F R E Q U E N C Y  
C P R E D I C T I O N .
C FOR C L E A N I N G  E F F I C I E N C Y  S I M U L A T I O N .
C T H E  F I L T R A T I O N  A N D  C L E A N I N G  S I M U L A T I O N  I N V O L V E S  A P O I N T  B Y  P O I N T
C A N A L Y S I S  O V E R  T H E  F I L T E R  S U R F A C E  AND S U B S E Q U E N T  S U M M A T I O N
C OF E F F E C T S .
C ..............A I L  D A T A  I N  S .  I  U N I T S ...............
C
C
C B B E C O M  * * * * * T h i s  p r o g r a m  r e q u i r e s  d a t a  f r o m  a n  i n p u t  f i l e  a n d
C o u t p u t s  D P  v s  T i m e  d a t a  t o  a  f i l e  r e a d y  f o r  p l o t t i n g .
C T h e  p r o g r a m  r u n s  i n  b a t c h  m o d e  a s  i t  t a k e s  a s i g n i f i c a n t
C t i m e  t o  r u n  . . . .  .
C O M M O N / /  C A M A ( 1 0 .  1 0 , 2 0 ) , R 1 ( 1 0 , 1 0 , 2 0 ) , R 2 ( 1 0 , 1 0 , 2 0 )
C O M M O N / /  F V (  l 0 ,  1 0 , 2 0 )
R EAL M CAMA
C
C
C I N P U T  D A T A  F ROM F I L E
R E A D ( 5 ,  1 0 ) K , L , G M A X , C F O A , T T M I N , S F V F 1 M  
R E A D ( 5 , 2 0 ) X  1 , Y 1 ,  C L D E N , C L T H , C L T E N  
R E A D (  5  , 3 0 )  A  f B , S C A R  , S C L R  , DCONC 
R E A D ( 5  , 5 0 )  C T I M E ,  PAUSE , N C O M P , N S U R F  , S A R E A , T I N C  
R E A D (  5 , 4 0 )  F N R E M ,  P 
1 0  F O R M A T ( 1 O X , 1 . 1 / 1  O X , 1 1 /  1 O X . E  1 2 .  5 /  1 O X , E  1 2 . 5 /  1 O X . E  1 2 .  5 /  1 0 X , E  1 2 . 5 )
2 0  F O R M A T ( 1 0 X . E 1 2 . 5 /  1 0 X . E 1 2 . 5 / 1 0 X , E 1 2 . 5 / 1 0 X , E 1 2 . 5 / 1 0 X , E 1 2 . 5 )
3 0  F O R M A T ( I O X , E 1 2 . 5 /  10 X , E 1 2 . 5 / i O X , E 1 2 . 5 / 1  O X , E 1 2 . 5 / ! O X , E 1 2 . 5 )
4 0  F OR MA TC I 0 X , E 1 2 . 5 / 1 0 X , E 1 2 . 5 )
5 0  F O R M A T ( 1 O X , E  1 2 . 5 / 1 0 X , E 1 2 . 5 /  1 O X , 1 2 / 1 0 X , 1 2 / 1  O X , E 1 2 . 5 / 1  O X , E 1 2 . 5 )
C
C
C
C A D J U S T  D A T A  & O U T P U T  GRAP H T I T L E S .
T T S E C = 6 0 * T T M I N  
S F V E L = S F V F T M / 6 0 * 0 . 3 0 4 8  
W R I T E  ( 6  , 6 0 ) K , L ,  GM A X ,  CFOA 
6 0  F O R M A T  ( ' B E C C D E X  K = ' , I 2 , '  L = ' , I 2 , '  G MAX=  » , F 5 .  1 ,
1 C F O R C E =  \ F 5 .  D  
W R I T E  ( 6  , 7  0 )
70 F O RM AT ( 1 TIME ( M I N ) -- > ’.)
WRITEC6 ,80)
80
C
C
C
FORMATC » D E L T A P C I N  W G . ) -- > ’)
C DATA NO W INPUT FR OM FILE.
C X 1=0. 1
C ' Y1=0. 1
C MEMBRANE PO SI TIO NA L INCREMENT
C CLDEN = 456 .0
C CLOTH D E N S I T Y (KG/M3)
C CLTH = 9 . 4E-4
C CLOTH TH I C K N E S S  (M)
C CLTEN =2 75.7
C CLOTH TENSION (N/M)
C A= 1.0
c Bsl-.O
c MEMBRANE D I ME NSI ON S (M)
Program 3. Continued,
c S C A R = 2 5 0 . 0
c S P E C I F I C  CAKE R ES ( K P A /  ( M / S . K G / M 2 )  )
c S C LR  = 8 . 0  1
c S P E C I F I C  C L O T H  R E S I S T A N C E  ( K I t t / ( M / S . K G / M 2 )  )
c D C O N C r l 0 . 0 E - 3
c DUST C O N C E N T R A T I O N  ( K G / M 3 )
c C T I M E = 3 0 . 0
c C L E A N I N G  T I M E  ( S )
c P A U S E = 3 0 . 0 .
c S E T T L I N G  T I M E  ( S )
c NCOM P= 2 0
c NUMBER OF  C O M P A R T M E N T S
c NS URF = 2  0
c NUMBER O F S U R F A C E S  / C O M P A R T M E N T
c S A R E A = 1 . 0
c F I L T R A T I O N  A R E A  / S U R F A C E  ( M 2 )
c P = 1 0 . E 3
c C L E A N I N G  POWER ( W A T T S )
c T I N C = 3 0 . 0
c
c
S I M U L A T I O N  T I M E  S T E P  ( S )
c
c D A T A  S E T  B Y  T H E  
P I = 3 . 1 ^  159 2 6  
H C A M A r O  . 0
PROGRAM . . . i . e  N OT  A M AJ O R V A R I A B L E .
c M EA N  C A K E  M A S S  PER U N I T  A R E A  ( K G / M 2 )
A M A X = 0 .  0
c
o 
o
 
o 
o
II 
II
X 
X
MAX A M P L I T U D E  O F  MEMBRAN E ( M )
c
D O  110 I  = l , 1 0  
D O  1 0 0  J  = 1 ,  1 0
MEMBRANE C O - O R D I N A T E S  ( M )
D O  9 0  L  1 = 1, 2 0
C A MA ( I , J , L 1  ) = 0 . 0
c P O I N T  C A K E  M A SS  PER U N I T  A R E A  ( K G / M 2 )
9 0 C O N T I N U E
1 0 0 C O N T I N U E
1 10 C O N T I N U E  
G = 0 .  0
c P O I N T  A C C E L E R A T I O N  ( X G )
Z = 0 . 0
c
F O R C E A = 0 . 0
P O I N T  A M P L I T U D E  ( M )
c P O I N T  F O R C E  PER U N I T  A R E A
D T I  ME = 2  * P A U S E + C  T I M E  
L C L E A N r  1
c F I R S T  C O M P A R T M E N T  T O  C L E A N .
T A R E A = (  NCCM P -  1)  *N  S U R F * S A R E A
c
Q = S F V E L * T A R E A
T O T A L  A C T I V E  F I L T E R  A R E A  ( M 2 )
c T O T A L  F I L T E R  F L O W R A T E  ( M 3 / S )
C
C
c
c
c
C S E C T I O N  T O  P R E D I C T  F I L T R A T I O N  P R O F I L E
R S U M = 0 . 0  
I C O U N T = 0
Program 3. Continued.
120
130
1 4 0
150
1 6 0
170
C
1 8 0  
190 
2 00
2 10
2 20
T = 0 .  0  
T 1 = 0 . 0  
T F T = 0 . 0  
T E = 0 . 0  
E = 0 . 0
EV 1 = 1 . 0 E 3 2  
I N = I N T ( B / Y 1 )
J N = I  N T (  A / X  1)
C O N T I N U E  
C O N T I N U E  
DO 1 6 0  I  = l , I N  
DO 150 J  = 1 , J N
DO 1 4 0  L  1 = 1 , 2 0
I F ( L 1 . E Q . L C L E A N )  GOTO 1 4 0  
R 1 ( 1 ,  J , L 1 ) = S C A R * C A M A ( I ,  J t L 1 ) / X 1 / Y  1 
R 2 ( I ,  J , L 1 ) = S C L R * C L D E N * C L T H / X  1 / Y  1 
R S U M = R S U M +  1 / ( R 1 ( I , J , L 1 ) + R 2 ( I , J , L 1 ) )
C O N T I N U E  
C O N T I N U E  
C O N T I N U E  
RS UM= N S U R F *  R SUM 
R T O T r l / R S U M  
RS UM= 0
D E L T A P = S F V E L * T A R E A * R T O T  
D P W G = D E L T A P / 0 . 2 4 9  
E I N C = S F V E L * T A R E A * D E L T A P * T I N C *  1 0 0 0  
E = E + E I N C
I F C T 1 . L T .  1 . 0 E - 2 0 )  T 1 = 1 . 0 E - 2 0  
EV = ( E +  C T I M  E *  P ) / S  FVE L / T  AR E A /  T 1 
T M I N = T / 6 0
V / R I T E C 6 ,  1 7 0 ) T M I N , D F W G , E V  
F O R M A T  ( 3 ( 3 X , E 1 2 . 6 ) )
D O  2 0 0  I  = l , I N  
DO 1 9 0  J  = 1 ,  J N
DO 1 8 0  L 1 = 1 , 2 0
I F ( L 1 . E Q . L C L E A N )  GOTO 1 8 0
F V C I ,  J , L 1 )  = D E L T A P / X  1 / Y  1 /  ( R 1 ( I , J , L  1 ) + R 2 ( I , J  , L  1 )  )  
S C A R ( I , J , L 1 ) = 1 2 . 2 * F V ( I , J  t L 1 ) + 1 8 4 . 0
C A M A ( I , J , L 1 ) = C A M A ( I , J t L 1 ) + D C O N C * F V ( I , J , L 1 ) * T I N C  
C O N T I N U E  
C O N T I N U E  •
C O N T I N U E
I F ( T I . L T . D T I M E )  GOTO 2  10
GOTO 2 2 0
C O N T I N U E
E V 1 = E V
T = T + T  I N C
T  1 = T  1 + T  I N C
GOTO 1 30
C O N T I N U E
N = N + 1
C M = 0 . 0
T F T = T F T + T 1
T E = T E + E + C T I M  E * P  i
T E V = T E / S F V E  L / T A R E A / T F T  
E = 0 . 0
EV 1 = 1 .  OE 3 2  
T  1 = 0 . 0
DO 2 4 0  1 = 1 , I N  
DO 2  30 J  = 1 , JN
Program 3. Continued.
CM=CM+CAMA( I, J,LCLEAN) *X 1*Y 1 
23 0 CO NTINUE
2 40 CO NTINUE
M C A M A = C M / S A R E A  
W R I T E (7,250)TEV 
2 5 0  FO R M A T  ( ’T O T A L  EN ER G Y / U N I T  V O L = ’,E12.6)
C
C
C
C
C
C SECTION TO PREDICT F U N D A M E N T A L  F R E Q U E N C Y  AND
C WHICH AR EA S AR E  CL EA N E D
FRE Q = ( C L T E N / (4 * (CLD EN* CL TH +MC AM A) ) * (K * K / A / A + L * L / B / B ) )**0.5 
AM AX =GMAX*9 . 8 1/ (2*P I*P I*FREQ*FREQ)
D O  270 1 = 1 ,1N 
DO 260 J = 1 , JN 
X=J*X 1 
Y= I * Y  1
Z=AMAX*SIN(K*PI*X/A) *SIN(L*PI*Y/B)
G=2 *PI*PI*FR EQ *FR EQ *Z 
FO RC EA= CA M A ( I , J . L C L E A N ) * G
IF (FORCEA.GE.CFCA) C A M A ( I ,J,LCLEAN)=FNREM*CAMA( I,J,LCLEAN) 
IF (FORCEA.GE.CFOA) I C O U N T = I C O U N T + 1 
26 0 CONTINUE
27 0 CONTINUE
L C LE AN= LC LE AN+ 1 
IF (LCLEAN .GE. 2 1) LCLEAN= 1 
PERC = ICOUNT/ (B/Y 1*A/X 1) * 1 00 
ICOUNT=0
IF (T.GE.TTSEC) GOTO 280 
GO TO 120 
280 CONTINUE
TTMIN=TTMIN+10. 0 
W R I T E C 6 , 170)TIMIN,DR-;G 
S T O P 
END
Program 3. Continued. Data
K= 1 
L= 1
G M A X = 5 .0 
CF0RCE=2 0. 0 
TTMIN= 1000 .0 
SF VFTM=4 .0 
X1=0. 1 
Y 1=0.  1 
CLDEN=4 56.0 
CLTH=0 . 0 0094 
CLTE N=2 75 .7 
A = 1.0 
B= 1 .0 
S C A R = 5 2 . 6 
SCLR = 8.0 1 
D C 0 N C = 0 .0 1
cnrc=3o.o
PAUSE=3 0.0 
N C O M P = 2 0  
N SURF =2 0 
SAREA= 1 .0 
TIN C = 3 0 . 0 
F N R E M = 0 .05 
P = I 0.0E3
Program 4. Graph plotting.
DIME NSI ON X P 0 I N T C 5 000), Y P O I N T (5000) , I T I T L E ( 6 0 ) , I X L A B (2 0) ,IYLAB(20) 
C PLOTS DATA FROM TW O INPUT FILES ON CH AN N E L S  5 ^ 7  FUNI TS 1 & 3
C F I R S T  LINE OF FIRST F I LE CONT AIN S TITLE
C SECOND L I N E  CONTAINS XLAB TITLE 
C THIRD LINE CONTAINS YLAB TITLE
C FIST FILE SETS AXIES AND CO NTINOUS L I N E , S E C O N D  IS OV E R L A Y E D  SYMBOLS 
C 2 8 0 3 8 0  A D D E D  COLOUR TE ST OF  PENS AND AXIS LABS
C 250380 A D D E D  SE C O N D  PL OT OF  SYMBOLS
C CALC OMP D R I V E R  FOR A4 N A R R O W  PAPER 
CALL CC906N 
CALL W I N D O W C 2)
C GET TITLE F R O M  FIRST LINE 
READ(5 ,500) I TITLE
50 0 F0RMATC6 OA 1)
C GET X T H E N  Y A X I S  LABELS 
READC5 ,501) IXLAB 
READ( 5,501) I YLAB
501 FO R M A T C 2  0A 1)
C GET DATA POINTS SET 1 
1 = 1
1 READ( 5 ,* ,E N D = 3 ). X FO IN T C I ),YPOINTCI)
1  = 1 + 1  
GO TO 1 
3 CO NTINUE 
1  = 1 - 1  
6 00 F O R M A T C 17)
C NCW D O  ALPH ANU ME RI C TITLEING 
CALL MOVTO2C40. ,285.)
CALL C H A A 1 (ITITLE ,60)
C A LL M 0 V T 0 2 C 100.0,3.0)
C A L L  C H A A 1(IXLAB,2 0)
CALL M0VT 02C I 0.0, 140.0)
C A LL C H A S W K  1)
CALL ROTAT2(9 0. 0)
CALL CHAA1 (I YLAB ,20)
CALL ROTAT2C-90.0)
CALL GRAF( X POINT ,Y POINT, I, 0)
C CALL M 0 V T 0 2 C 3• ,4.)
C CALL C H A I N T C I , 8)
C CALL CHAHOL( 1 POINTS PL OT T E D  *.»)
C NOW R E AD IN SECOND SE T  OF POINTS 
1=1
11 READ(7 ,* ,END=1 3) XP0INT( I ) , YPOINTC I)
1 = 1 + 1  
G O T O  1 1 
13 CONTINUE
1=1-1
C NOW PLOT THE SY SMBOLS
CALL G R A S Y M (XPOINT,YFOINT, 1,3,0)
C CALL D A S H E D ( - 1 ,6.0,3.0,0.0)
C CALL BROKENC 1)
CALL P E N S E L C 5 , 0.0,0)
CA LL GRA POL (X POINT, Y P O I N T , I)
C OK F I N I S H E D
CALL DEVEND 
CALL E X IT .
END
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APPENDIX 3
N omenclature
acceleration
gap between gaps in bags or 
flat filters
average bag acceleration 
cleaned area f r a c t i o n  
Hamaker constant 
area
maximum amplitude 
filter length in x direction 
filter length in y direction 
dust concentration 
potential difference 
pressure differential 
displacement 
distance
electrical voltage 
kinetic energy of element n 
kinetic energy of whole surface 
f requency
fundamental frequency 
force
gravitational acceleration
dimensionless acceleration (a/g)
separation distance
electrical current
element number in x direction
total number of elements in 
x direction
element number in y direction
total number of elements in y 
direction
constant
number of half wave lengths in x 
direction
number of half wave lengths 
y direction
height of bag or plate filter 
length
peak to peak displacement
mass
mass per unit length 
mass per unit area 
cake mass
filtration medium mass 
filter medium areal mass 
cake areal mass 
n integer 
wave number 
power 
charge 
radius
specific cake resistance 
(Carman)
jkPaCm/s)"1 (kg/m2)'”1 (Pa.s)"1]
specific cake resistance 
jkP a . ( m / s ) ( k g / m 2)”1^
specific cloth resistance
[>kPa, ( m / s ) ( k y / m 2)"1
viscous force per unit area 
electrical resistance 
particle radius 
resistance to cloth (Carman)
I-Pa. (m/s) -1 (N.s/m2) 1
filtration resistance or drag
time
tension
velocity
superficial filtration velocity
volume
mass of dust
mass per unit area of dust 
radial velocity
kg
kg/m
kg/m"
kg
kg
kg/m"
kg/m"
W
C
m
m/kg
-1
-1
N/m 
ohms,
m
-1 • m
Pa,(m3/s) 
S
N/m
m/s
m/s
m
kg
kg/m2
radiais/s
work
residual dust leval
elemental dimension in x 
direction
kg/m"
m
elemental dimension in y direction 
displacement.
SUBSCRIPTS
a = areal parameter
a = gap between bags on flat filters
b = brush cleaned
b = baghouse parameter
c = cake
c = cleaned - after vibrating
d = dust
e = at the end of the filtration cycle
el = due to electrical properties
f = flat filter parameter
i = isokinetic
i = incremental
1 = per unit length
m = filter medium
m = maximum
mean = Arithmetic mean,
n = new - before contact with dust
s = switching
T = total
v = vacuum cleaned
0 = initial
1 = cake
2 = cloth
GREEK
constant
wavelength m
2contant = w (radians)
viscosity Pa.s,
cleaning efficiency -
radius of contact area m
angle of filter inclination °
vibration period S
total energy loss of whole 
surface j
permittivity in vacuo. j
permittivity in vacuo element n J
2
APPENDIX 4
PH O TO G R A PH S
Plate 1. Vibrated clean filter membrane.
-Magnification = 665 times. 
Plate 2. Vibrated clean filter membrane.
-Magnification = 6300 times.

Plate 3 
Plate 4
. Brush cleaned filter membrane.
-Magnification = 900 times.
• Vacuum cleaned filter membrane. 
-Magnification = 630 times.

hater / 
manometer
plate
Anti swirl
baffles
Plate 5. Stage I equipment*
-The filter test section. 
Plate 6. Stage I equipment.
-The air circulation system,
Filter flow Vibrator
rotameter and
control
Vibrator /
 7amplifier
fan
feeder

pco
c
o•H
p
• ■<S
p Ip
c 3
o u
E
a •H
•H o
3
cr u
o *fH
h «
i—t o
X
w H
M I
(0
P
C*2
*
IN
a
p
3

Pl
at
e 
8.
 
St
ag
e 
II 
eq
ui
pm
en
t.
-E
xp
lo
de
d 
vi
ew
 
of
 
th
e 
te
st
 
se
ct
io
n
0 M * * P B P * a a p .rM  i | l i im. Ji ■'! illLt ■**
i
/
f c .  . ___________
jwar K M — '
Fi
lt
er
 
se
ct
io
n
Pl
at
e 
9,
 
Th
e 
pi
lo
t 
pl
an
t 
eq
ui
pm
en
t

